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DETAILED ACTION 
Specification 

New Fig. 3 and the amendment to the description of Fig. 3 have been entered. 
The applications cited in the specification on pg 10, line 19, and pg 11, line 1, will 
need updated as necessary. 

Election/Restrictions 

Applicant's election without traverse of Group II, claims 3-12 and 14-25 is 
acknowledged. 

The requirement is still deemed proper and is therefore made FINAL. 

Claim 1 , 2 and 26-28 are withdrawn from further consideration pursuant to 37 
CFR 1.142(b), as being drawn to a nonelected invention, there being no allowable 
generic or linking claim. 

Claims 3-12 and 14-25 are under consideration in the instant office action. 

Claim Objections 

Claim 9 is objected to because it is dependent upon claim 1 which is not under 
consideration. 

Claim Rejections - 35 USC § 101 

35 (JSC 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, 
manufacture, or composition of matter, or any new and useful improvement 
thereof, may obtain a patent therefor, subject to the conditions and requirements 
of this title. 
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Claims 3-12 and 14-25 are rejected under 35 U.S.C. 101 because the claimed 
invention is not supported by either a specific or substantial asserted utility or a well- 
established utility. 

Claims 6, 7 and 14-24 are directed toward a transgenic animal having a 
disruption of a Kir5.1 gene, an inwardly rectifying potassium channel. Claims 10 and 25 
are directed toward methods of using the mice to identify compounds. The art at the 
time of filing did not teach mice with a disruption in the Kir5.1 gene. However, the art at 
the time of filing taught mice with a disruption in GIRK2 (Kir3.2) are indistinguishable 
from wild-type mice, while wv/wv mice, having a single point mutation in the Kir3.2 
gene, had extensive cerebellar granule cell death, dopaminergic neuronal loss in the 
substantia nigra, male infertility, and spontaneous seizures (Signorini, 1997, PNAS, Vol. 
94, pg 923-927). Thus, different mutations in inwardly rectifying potassium channels 
caused different phenotypes. The specification teaches making Kir5.1 -/- mice having 
dwarfed body shape (pg 53, lines 21-22), decreased body weight, spleen weight and 
spleen: body weight ratio (pg 54, lines 54), and increased startle response (pg 55, lines 
8-11). 

The mouse claimed does not have a specific utility. The specification suggests 
using the mice as a model of disease but does not disclose a specific disease in 
humans linked to a disruption in Kir5.1 (pg 18, lines 8-9; pg 19, lines 21-23). The 
specification suggests using the mice to compounds that alter a physiological response 
in the mice (pg 19, lines 5-20). The specification does not teach a disruption in Kir5.1 
correlates to any specific disease or physiological response in humans, specifically 
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dwarfism, decreased spleen weight, or anxiety as claimed. Using the mice claimed to 
identify compounds is not specific to the mouse claimed- because wild-type mice may be 
used to identify such compounds. In fact, any mouse can be used to find compounds 
that increase body weight, increase spleen weight or decrease the startle response. 
The specification teaches the "open field test" is generic to the hearing processing, 
sensory and motor processing, global sensory processing and motor abnormalities (pg 
54, lines 20-25) as well as sensorimotor processing, attention, anxiety and thought 
disturbance (pg 54, lines 26-30); therefore, the "open field test" is not specific to any 
disease. Thus, using the mouse claimed to identify compounds is not specific to that 
mouse, and the mouse claimed does not have a use that is specific to any disease in 
humans. 

The mouse claimed does not have a substantial utility. Claims 10-11, step c) 
require administering compounds to the mice and determining whether Kir5.1 gene 
expression is modulated. Compounds that modulate Kir5.1 expression cannot be found 
using the mice disclosed because Kir5.1 is not expressed in the mice. Claim 24 
requires using identifying an agent that ameliorates a phenotype associated with Kir5.1 
by administering compounds to the mice and determining whether a phenotype is 
ameliorated; however, the specification does not identify any compounds that alter 
physiological responses using the mice. Therefore, using the mouse to identify 
compounds is not substantial. 

Claim 9 is included because it is directed toward making the mouse, which lacks 
utility for reasons above. Claims 3-5, 8 and 15, directed toward cells having a disrupted 



l i 
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Kir5.1 gene, and claims 11-12, directed toward using the cells to test compounds, "are 

included because the cells lack a specific and substantial utility for the reasons above. 

Claim Rejections - 35 USC §112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the 
manner and process of making and using it, in such full, clear, concise, and exact 
terms as to enable any person skilled in the art to which it pertains, or with which 
it is most nearly connected, to make and use the same and shall set forth the 
best mode contemplated by the inventor of carrying out his invention. 

Claims 3-12 and 14-25 are also rejected under 35 U.S.C. 112, first paragraph. 
Specifically, since the claimed invention is not supported by either a specific or 
substantial asserted utility or a well established utility for the reasons set forth above, 
one skilled in the art clearly would not know how to use the claimed invention. 

In addition, the specification does not reasonably provide enablement for any 
animal, Kir5.1 gene, phenotype, cell, disruption, method of making a transgenic or 
method of using a transgenic as broadly claimed. 

Claims 6, 7 and 14-24 are directed toward a transgenic animal having a 
disruption of a Kir5.1 gene. Claims 10 and 25 are directed toward methods of using the 
mice to identify compounds. The art at the time of filing did not teach mice with a 
disruption in the Kir5.1 gene. However, the art at the time of filing taught mice with a 
disruption in GIRK2 (Kir3.2) are indistinguishable from wild-type mice while wv/wv mice, 
having a single point mutation in the Kir3.2 gene, had extensive cerebellar granule cell 
death, dopaminergic neuronal loss in the substantia nigra, male infertility, and 
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spontaneous seizures (Signorini, 1997, PNAS, Vol. 94, pg 923-927). Thus, different 
mutations in inwardly rectifying potassium channels caused different results. 
The specification teaches making Kir5.1 -/- mice having dwarfed body shape (pg 53, 
lines 21-22), decreased body weight, spleen weight and spleen:body weight ratio (pg 
54, lines 54), and increased startle response (pg 55, lines 8-11). 

The specification does not enable making or using a transgenic with a wild-type 
phenotype as.encompassed by the claims. The transgenics throughout many of the 
claims do not recite any phenotype and may, therefore, have any phenotype including 
wild-type phenotype. The specification does not provide any use for a transgenic 
having a disruption in Kir5.1 that has a wild-type phenotype. 

The specification does not teach how to make any cell having a disruption in a 
Kir5.1 (claims 3-5). Specifically, claims 4-5 encompass mice and rat cells. "Murine" 
encompasses mice and rats ( http : //www, m- w. com/cg i - 

bin/dictionarv?book=Dictionarv&va=murine ). The only means of making a cell with a 
disruption in Kir5.1 taught in the specification is by using mouse embryonic stem cell 
technology. The state of the art at the time of filing was such that embryonic stem (ES) 
cell technology had only been successful in mice. Wagner (May 1995, Clin, and 
Experimental Hypertension, Vol. 17, pages 593-605) and Mullins (1996, J. Clin. Invest., 
Vol. 98, pages S37-S40) taught germline transmission of ES cells has not been 
demonstrated in species other than mice and the growth of ES cells from species other 
than mice is unreliable. Wall (1996, Theriogenology, Vol. 45, pg 57-68) taught 
transgene expression and the physiological result of such expression in livestock was 
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not always accurately predicted in transgenic mice (page 62, line 7). The specification 
fails to provide sufficient guidance to make transgenics other than mice by teaching 
obtaining ES cells in species other than mice. The specification does not teach the 
nucleic acid sequence of the Kir5.1 gene in non-mice, non-human species or correlate 
the Kir5.1 gene in mice to the Kir5.1 gene in other species. The specification does not 
teach how to make knockout animals other than mice or correlate making knockout 
mice to other species. Therefore, the specification does not provide adequate guidance 
for one of skill in the art to make cells having a disruption in Kir5.1 in any species other 
than mice. 

Claim 9 is directed toward a method of making a transgenic mouse having a 
disruption in Kir5.1 using a cell having a construct with two sequences of Kir5.1, 
introducing the cell into a blastocyst, implanting the blastocyst into a pseudopregnant 
mouse which gives birth to chimeric mice, and breeding the chimeric mouse to produce 
the transgenic mouse. The claim does not require using mouse cells or an embryonic 
stem cell, which is considered essential to the invention. A mouse ES cell is the only 
type of cell taught in the specification that can be introduced into a blastocyst and result 
in a chimeric mouse as claimed. The claim does not require the mouse have a non-wild 
type phenotype, which is required for reasons cited above. Given the unpredictability in 
the art taken with the guidance provided in the specification, the cell in a) should be a 
mouse ES cell, the blastocyst in b) should be a mouse blastocyst, and the transgenic 
mouse produced should have a genome comprising a homozygous disruption in Kir5.1, 
wherein said mouse lacks functional Kir5.1. 
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Claims 10-12 are directed toward methods of screening compounds using a cell 

« 

or mouse having a disruption in a Kir5.1 gene. Step (c) requires determining whether 
the expression or function of Kir5.1 is modulated but the mice and cells do not express 
Kir5.1. The specification does not teach how to determine Kir5.1 expression in mice 
having a disruption in Kir5.1. While the specification teaches transgenics expressing 
LacZ, the specification does not teach how to use such mice in an assay to determine 
whether a compound modulates Kir5.1 . Without such a disclosure, the specification 
does not provide adequate guidance for one of skill to use the mouse disclosed to 
determine compounds that modulate Kir5.1 expression or function. 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specification shall conclude with one or more claims particularly pointing out and distinctly 
claiming the subject matter which the applicant regards as his invention. 

Claims 10-12, 14, 15, 17, 18, 21,24 and 25 are rejected under 35 U.S.C. 112, 
second paragraph, as being indefinite for failing to particularly point out and distinctly 
claim the subject matter which applicant regards as the invention. 

Claims 10-1 1 are indefinite because the mice do not express Kir5.1 ; therefore, 
Kir5.1 expression cannot be tested as claimed. 

Claim 14 is indefinite because the metes and bounds of what applicants consider 
"significant" expression cannot be determined. 

Claims 17 and 18 are indefinite because "increased anxiety" and "stimulus 
processing disorder" do not further limit "increased acoustic startle response" in parent 
claim 16. If claims 17 and 18 do further limit the acoustic startle response or the 
function of the mouse, it cannot be determined how. The startle test is generic 

> 

i 
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numerous nervous, muscle and cognitive functions (pg 54, lines 20-30). The limitations 
do not further limit a characteristic of the mouse because all mice having increased 
acoustic startle response are considered to have increased anxiety or stimulus 
processing disorder as claimed. 

Claim 21 does not further limit claim 20 because all mice having dwarfism have 
decreased body weight. 

Claim 25 is indefinite because phenotypes "associated" with a disruption in Kir5.1 
cannot be determined. While the mice having a disruption in Kir5.1 have dwarfism and 
increased response to the startle test, it cannot be determined if those phenotypes are 
"associated" with Kir5.1 in humans. It is unclear if mice having a disruption in a gene 
mapped to the distal region of mouse chromosome 11 (see Mouri pg 182, Fig. 1, and 
col. 2, "additional comments") are "associated" with a disruption in Kir5.1. 

Claim 25 is indefinite because it does not recite how to determine whether an 
agent ameliorates a phenotype and neither does the specification. It is unclear what 
controls are required and how such a determination is made. It is also unclear why a 
mouse having a disruption in Kir5.1 is required because any mouse can be used to 
determine whether a compound increases body size, body weight, spleen weight or 
spleen weight:body weight ratio. 

Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 
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(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 1 02 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 

Claims 3-9 and 14 and 24 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Signorini (1997, PNAS, Vol. 94, pg 923-927) in view of Mouri 
(Genomics, 1998, Vol. 54, pg 181-182). 

Signorini taught making a transgenic mouse having a disruption in an inward 
rectifier protein (GIRK2/Kir3.2) (pg 924, col. 2, 2 nd H). Signorini did not teach disrupting 
the Kir5.1 gene in the mice. 

However, Mouri taught the nucleic acid sequence of the mouse Kir5.1 gene 
(GenBank Accession No: AB016197). 

Thus, it would have been obvious to one of ordinary skill in the art at the time the 
invention was made to make a transgenic mouse having a disruption in an inward 
rectifier protein as taught by Signorini wherein the inward rectifier protein was Kir5.1 as 
taught by Mouri. One of ordinary skill in the art at the time the invention was made 
would have been motivated to disrupt the Kir5.1 gene instead of the Kir3.2 gene to 
determine the function of Kir5.1 in the brain in vivo. 

Thus, Applicants' claimed invention, as a whole is prima facie obvious in the 
absence of evidence to the contrary. 



No claim is allowed. 



Conclusion 
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Inquiry concerning this communication or earlier communications from the 
examiner should be directed to Michael C. Wilson who can normally be reached on 
Monday through Friday from 9:00 am to 5:30 pm at (703) 305-0120. 

Questions of a general nature relating to the status of this application should be 
directed to the Group receptionist whose telephone number is (703) 308-1235. 

If attempts to reach the examiner, patent analyst or Group receptionist are 
unsuccessful, the examiner's supervisor, Deborah Reynolds, can be reached on (703) 
305-4051. 

The official fax number for this Group is (703) 872-9306. 



Michael C. Wilson 
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Genetics 

Normal cerebellar development but susceptibility to seizures in 
mice lacking G protein-coupled, inwardly rectifying 
K + channel GIRK2 

(GIRKl/embryonic stem cells/genetics/weaver/cerebellum) 

STEFANO SlGNORINI*t, Y. JOYCE LlAO*, STEPHEN A. DUNCAN*, LlLY Y. JaN*§, AND MARKUS STOFFEL*^ 

Laboratories of 'Metabolic Diseases and ^Molecular Cell Biology, Rockefeller University, New York, NY 10021; and * Departments of Physiology and 
Biochemistry and ^Howard Hughes Medical Institute, University of San Francisco, San Francisco, CA 94143-0724 



Contributed by Lily Y. Jan, November 21, 1996 

ABSTRACT G protein-gated, inwardly rectifying K + 
channels (GIRK) are effectors of G protein-coupled receptors 
for neurotransmitters and hormones and may play an impor- 
tant role in the regulation of neuronal excitability. GIRK 
channels may be important in neurodevelopment, as sug- 
gested by the recent finding that a point mutation in the pore 
region of GIRK2 (G156S) is responsible for the weaver (wv) 
phenotype. The GIRK2 G156S gene gives rise to channels that 
exhibit a loss of K + selectivity and may also exert dominant- 
negative effects on Gp y -activated K + currents. To investigate the 
physiological role of GIRK2, we generated mutant mice lacking 
GIRK2. Unlike wv/wv mutant mice, GIRK2 -/- mice are 
morphologically indistinguishable from wild-type mice, sug- 
gesting that the wv phenotype is likely due to abnormal GIRK2 
function. Like wv/wv mice, GIRK2 -/- mice have much 
reduced GIRK1 expression in the brain. They also develop 
spontaneous seizures and are more susceptible to pharmaco- 
logically induced seizures using a 7-aminobutyric acid antag- 
onist. Moreover, wv/- mice exhibit much milder cerebellar 
abnormalities than wv/wv mice, indicating a dosage effect of 
the GIRK 2 G156S mutation. Our results indicate that the 
weaver phenotypes arise from a gain-of-function mutation of 
GIRK2 and that GIRK1 and GIRK2 are important mediators 
of neuronal excitability in vivo* 



G protein-gated, inwardly rectifying K + channels (GIRK) are 
regulated by neurotransmitters and hormones through G 
protein-coupled receptors (1-3). GIRK channels are believed 
to determine neuronal membrane excitability by selectively 
permitting the flux of K + ions near the resting membrane 
potential (4-7). The weaver mouse, a neurological mutant 
characterized by extensive cerebellar granule cell death during 
development (8-10), age-dependent dopaminergic neuronal 
loss in the substantia nigra (li, 12), male infertility (13), and 
spontaneous seizures (14), carries a G156S point mutation in 
the pore-forming region H5 of GIRK2 (15). This mutation 
leads to a loss of K + selectivity of homomeric GIRK2 channels 
and strongly reduces heteromeric GIRK1/GIRK2 channel 
function (16-18). Electrophysiological recordings from weaver 
and wild-type cerebellar granular cells have yielded conflicting 
reports, supporting either a loss of K+ selectivity (1 6) or a loss 
of channel function (19). To study the physiological effects of 
GTRK2 in vivo and to address the question whether the 
phenotypic defects in the weaver mouse are due to gain-of- 
f unction effects such as the loss of K + selectivity or due to 
loss-of-function or dominant-negative effects on GIRK1/ 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 

Copyright © 1997 by The National Academy of Sciences of the USA 
0027-8424/97/94923-5$2.00/0 /' ' 

PNAS is available online at http://www.pnas.org. ( 



GIRK2 heteromultimeric channels, we have generated 
GTRK2-deficient mice and compared them to mice carrying 
one or two copies of the wv allele but no wild-type GIRK2 
gene. 

MATERIALS AND METHODS 

Genomic Cloning and Construction of a Targeting Vector. 

Genomic clones containing the murine GIRK2 gene were 
isolated from a AFIX II murine 129/Sv genomic library 
(Stratagene) by screening the library using the full-length 
hamster GIRK2 cDNA as a probe (20). Two identical phage 
clones containing the entire murine GIRK2 gene were iden- 
tified, and three exons containing the entire open reading 
frame were mapped. To generate the GIRK2 targeting vector 
pPNT-76, an ^8-kb EcoR\ fragment containing exon 1 and 
part of exon 2 was inserted into the targeting vector pPNT (21) 
such that its 3' end was adjacent to the PGK promotor 
upstream of the neomycin gene. The 3' end of the targeting 
construct was generated from the same GTRK2 genomic clone 
and contained a 0.47-kb BgRl-Xbal fragment that was inserted 
into the exon 2 EcoRl/Bglll deletion and included sequences 
from exon and intron 2 (Fig. 1A). The targeting vector was 
linearized by Noti and electroporated into Rl embryonic stem 
(ES) cells at 200 V and 800 mF. Stable colonies were grown 
under double selection in 350 u-g/ml G418 and 0.2 mM 
gancyclovin in ES cell medium (22). By Southern blotting, 150 
colonies were analyzed for homologous recombination. One 
clone (G2) was identified by the presence of a 1 .9-kb BglU band 
and was microinjected into blastocysts to generate GIRK2- 
deficient mice (Fig. IB). 

Western Blot Analysis. Mouse brain membrane (50 u,g), 
prepared as described (23, 24), was solubilized in 2% SDS/ 
sample buffer (125 mM Tris, pH 6.8/20% glycerol/5% 2-mer- 
captoethanol) and loaded onto each lane. Western blots were 
probed with 1 u,g/ml affinity-purified rabbit polyclonal anti- 
bodies against the N terminus of GIRK2 or GIRKl or against 
the C terminus of TRK1 (23). Donkey anti-rabbit-horseradish 
peroxidase was used as secondary antibody at 1:5000 dilution. 
The blots were developed with enhanced chemiluminescence 
reagents (Amersham) and exposed to Hyper film-ECL (Am- 
ersham). 

Tmmunohistochemistry. Mice were perfused intracardially 
with 4% formaldehyde and 0.1% glutaraldehyde in PBS (pH 
7.4). Brains were dissected and postfixed overnight at 4°C. 
Fiftv-micrometer vibratome sections were collected in 0.1 M 
Tris'(pH 7.6); blocked with 2% H 2 0 2 ; washed in 50 mM Tris, 
pH 7.5/100 mM NaCI/0.1% Triton X-100 (TEST); and then 
blocked in 4% normal goat serum and 3% BSA in TBST. 



Abbreviations: PTZ, pentylenetetrazol; ES cells, embryonic stem cells; 
RT, reverse transcriptase; TH, tyrosine hydroxylase. 
fl To whom reprint requests should he addressed at: Laboratory of 
Metabolic Diseases, Rockefeller University, New York, NY 10021. 
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Fig. 1. (A) Targeted disruption of the mouse GIRK2 gene in ES 
cells and mice. The genomic structure and restriction map of the 
mouse GIRK2 gene locus and targeting vectors pPNT-76 used to 
disrupt the GIRK2 gene are shown. Shaded boxes represent coding 
sequences of the exons (boxes). The probe 3' of the deletion is used 
for Southern blot analysis and shown as an open bar. B, Bglll; A,Acc\; 
E, EcoRl; X, Xbal. (B) Southern analysis of transfected ES cells. 
Lanes: 1, targeted clone containing the targeted allele, as assessed by 
the presence of an additional 1.9-kb BgUl fragment; 2: parental clone 
containing the normal 1.6-kb fragment; 3-9, genotypes from tail 
biopsies of GIRK2 +/+, +/-, and -/- mice. (C) Reverse tran- 
scriptase (RT)-PCR analysis from brain mRNAof GIRK2 +/+> +/-, 
and -/- mice. (Upper) GIRK2 wild -type and mutant alleles a re shown 
with the position of oligonucleotides used as PCR primers. D, deleted 
region into which the pgk-neomycin resistance cassette was inserted. 
No primer-pair amplified products in the absence of reverse transcrip- 
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Rabbit antibodies were affinity-purified, and sections were 
incubated in 1-2 u.g/ml primary antibody overnight (23, 24). 
Monoclonal antibodies against tyrosine hydroxylase (TH; Pel- 
Freez Biologicals) were used at 1:1000. Biotinylated donkey 
anti-rabbit or anti-mouse IgG Fab (The Jackson Laboratory) 
were used at 1:200, and sections were developed with the ABC 
kit (Vector Laboratories) and diaminobenzidine. 

Induction of Seizures Using Pentylenetetrazole (PTZ). PTZ 
(Sigma) was dissolved in PBS and injected i.p. at a dose of 50 
mg/kg in ^0.1 ml. Animals were housed in a room with 
controlled light/dark cycle (12 hr light/12 hr dark) and 
temperature (23°C). All experiments were performed between 
11 a.m. and 1 p.m. Animals were injected and observed without 
prior knowledge of their genotype. Each mouse was placed in 
a transparent cage and observed for 30 min after injection. All 
mice were littermates between 10 and 14 weeks of age and 
weighed >20 g. 

RESULTS AND DISCUSSION 

Generation of GIRK2 Null Mice. The GIRK2 gene was 
disrupted in ES cells by homologous recombination using a 
targeting vector in which exon 2 was disrupted and partially 
deleted by a pgk-neomycin resistance cassette (Fig. 14). One 
ES cell clone that carried the targeted allele was used to 
generate chimeric male animals that passed the mutant allele 
to their offspring. GIRK2 +/- mice were indistinguishable 
from wild-type mice and were inbred to produce GIRK2 -/- 
mice (Fig. IB). No normal GIRK2 mRNA could be detected 
in brains of adult GIRK2 -/- mice by RT-PCR analysis, but 
a truncated GIRK2 mRNA was present (Fig. 1C). No GIRK2 
immunoreactivity was detectable using antibodies against ei- 
ther the N terminus or C terminus of GIRK2 (Figs. 24 and 3 
A and B\ data not shown). We conclude, therefore, that we 
have generated GIRK2 null mice. 

Down-Regulation of GIRK1 Protein in GIRK2 Null Mice. 
GIRK2 -/- mice are born at the expected frequency and are 
viable. Given that GIRK2 and GIRK1 have partly overlapping 
temporal and spatial expression patterns and are known to 
form functional heteromul timers in vitro (16-18, 25-28) andm 
vivo (24), we examined the expression of GIRK1 and other 
related inward rectifier channels by using affinity-purified 
polyclonal antibodies against GIRK1, IRK1, and GIRK4 in 
Western blot and immunohistochemical studies of GIRK2 
+ /+,+/-, and mice. Immunoblot analysis showed that 
GIRK1 levels were reduced in brain membranes of GIRK2 
+ /- mice and nearly undetectable in -/- mice, whereas 
IRK1 protein levels remained constant in mice of all three 
genotypes (Fig. 2A). RT-PCR analysis showed that GIRK1, 
GIRK4, and IRK1 mRNA were similar in all animals, sug- 
gesting that the down-regulation of GIRK1 in GIRK2 -/- 
mice occurred posttranscriptionally (Fig. 2B). Immunohisto- 
chemical analysis showed dramatic reduction of GIRK1 im- 
munoreactivity in many brain regions in GIRK2 — /- mice, 
whereas IRK1 and GIRK4 immunoreactivities were normal in 
these GIRK2 mutants (Fig. 3 A and B; data not shown). The 
extent of reduction in GIRK1 varied with the brain regions; 
expression of GIRK1 in the cerebral cortex and hippocampus 
was virtually undetectable, whereas in the cerebellum, signif- 
icant amounts of GIRK1 remained in the granule cell layer 
(Fig. 3 A and B). The reduction of GIRK1 protein levels 
throughout the brain suggests that a majority of GIRK1 
proteins in the brain interact with GIRK2, and in the absence 



tase. Each sample started with an equal amount of cDNAs. A 
5 '-truncated mRNA terminating in pgk-neomycin can be detected by 
PCR at reduced levels in +/- and -/- animals. The sequences of the 
oligonucleotide used are available upon request. 
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Fig. 2. (A) Western blots of membrane prepared from GIRK2 +/+, +/-, and -/- mouse brains show that both GIRK2 and GIRK1 protein 
levels are reduced in the GIRK2 knockout mice. (B) RT-PCR showing equal mRNA expression of GIRK1 in +/+, +/-, and mouse brain. 

No product is amplified by any of the four pairs of primers in the absence of reverse transcriptase (-/ RT; lane 4), confirming that all products 

were amplified from cDNA rather than contaminating genomic DNA. Hypoxanthine phosphoribosyltransferase (HPRT) primers amplify a 
comparable level of product in all samples, indicating that the same amount of template is present. Amplified products by GIRK1, GIRK4, IRK1, 
and HPRT primers are of expected sizes. 



of GIRK2, there is a concurrent loss of GIRK1 subunits that 
normally form heteromul timers with GIRK2. 

Differences Between the GIRK2 Null Phenotypes and the 
Weaver Phenotypes. The GIRK2 - / - and wv/wv mice showed 
striking differences. Visual inspection and histological examina- 
tion of the brain and other organs of GIRK2 -/- animals 
revealed no anomalies. GIRK2 -/- mice exhibited normal 
cerebellar morphology except for the reduced GIRK1 and 
GIRK2 protein expression (Fig. 3 B and D). Midbrain dopami- 
nergic neurons and their dendrites also appeared normal despite 
the absence of GIRK2 protein (Fig. 3C). While male wv/wv mice 
are infertile, male GIRK2 -/- mice are fertile; superovulated 
CD-I mice mated with either GIRK2 -/- males or their 
wild-type littermates produced a comparable number of fertilized 
eggs. The apparent normal phenotype in GIRK2 -/- mice 
provides strong evidence that loss of homomeric GIRK2 channel 
and/or heteromeric GIRK1 /GIRK2 channel function is not the 
primary cause of the weaver phenotype. 

The Weaver Gene Dosage Effect When GIRK2 -/- mice 
were compared with mice carrying one or two copies of the wv 
allele (GIRK2 wv/- and/or wv/wv), we found that both -/- 
and wv/- mice exhibit normal locomotive behavior, unlike the 
wv/wv mice. In +/+, — /— , and wv/- animals, there was no 
obvious loss of TH-positive neurons or dendrites in the substantia 
nigra pars compacta or in the ventral tegmental area, whereas 
substantial cell loss was evident in the substantia nigra pars 
compacta of the wv/wv midbrain (Fig. 3C). In the substantia nigra 
pars compacta and ventral tegmental area of wv/- mice, GIRK2 
immunoreactivity was present but of lower intensity. In contrast 
to the heterozygous GIRK2 +/- mice, most of the GIRK2 
immunoreactivity in the wv/- mice was found in the cell bodies 
of the dopaminergic neurons; the GIRK2 immunoreactivity in 
the dendrites was much reduced (Fig. 3C). The size and gross 
morphology of the cerebellum of wv/— animals are not signifi- 
cantly different from that of the wild-type animals. Histologically, 
the wv/ — cerebellum appeared more similar to that of the wv/+ 
(8, 9) than the cerebellum of +/+ or wv/wv mice. The wv/— 
granule cell layer often appeared thinner. The Purkinje cell layer 
was disorganized in various locations, and some of the Purkinje 
cells were found deep in the granule cell layer (Fig. 3D). The 
similarity between wv/- and wv/+ cerebella and the difference 
between wv/— and wv/wv cerebella suggest that cerebellar de- 
velopment is sensitive to the dosage of the GIRK2 G156S mutant 
gene. 

Seizure Activities of GIRK2 Null Mice. The GIRK2 -/- 
mice exhibited sporadic seizures characterized by jerking of 



head and body, vocalization, and infrequently progression to a 
tonic-clonic seizure. Typically, the episodes lasted for 30 sec 
and were followed by complete physical inactivity. All wit- 
nessed seizures occurred when some kind of stress was exerted 
on the animal (changing cages, setting up matings), and the 
behavior of mice returned to normal after the seizure. Seizures 
were never observed before weaning and seemed to occur at 
equal frequencies in young and old mutant mice. Pharmaco- 
logical challenge with the convulsant agent PTZ (29), a 
y-aminobutyric acid antagonist, revealed that GIRK2 -/- 
mice were hyperexcitable when challenged with a single injec- 
tion of PTZ (50 mg/kg). At this dose, 70% of GIRK2 -/- 
mice but only 25% of heterozygous or wild-type littermates 
developed severe stage 3 tonic-clonic seizures frequently as- 
sociated with death (P < 0.004, Mann-Wilcoxon rank sum 
test). The severity of seizure, in the range from 0 to 3, was 
shifted toward increased severity in GIRK2 -/- mice as com- 
pared with +/- and +/+ controls. No statistically significant 
difference was seen between heterozygous and wild-type mice 
(Fig. 44). The time taken to develop seizure activities was 
significantly shorter in GIRK2 -/- mice compared with +/- 
and + / + animals (P < 0.002, unpaired /-test; Fig. 4B). Seizure 
activity has previously been noted in weaver mice and might be 
due to altered or reduced G protein-activated K + channel func- 
tion (14). Our observation that GIRKl/GIRK2-deficient mice 
are susceptible to spontaneous and pharmacologically induced 
seizures was consistent with numerous studies demonstrating that 
agonists of G protein-coupled receptors, such as receptors for 
opioid peptides, somatostatin, and dopamine, can have significant 
effects on seizure thresholds in several different experimental 
seizure model systems (30). 

In conclusion, we show that GIRK2-deficient mice have 
greatly reduced GIRK1 protein levels in the brain, suggesting 
that the majority of GIRK1 proteins in the brain associate with 
GIRK2. Phenotypic characteristics of GIRK2 -/-, wv/-, 
wv/+ y and wv/wv mice suggest that gain-of -function and gene 
dosage mechanisms are responsible for the developmental 
defects in weaver mutants. Moreover, loss of GIRK2 function 
results in sporadic seizures and increased susceptibility to a 
convulsant agent, implicating GIRK1 and GIRK2 in the 
control of neural excitability in vivo. 

We thank Paul Slesinger for his suggestions and discussions through- 
out the course of this work. We also thank Jan L. Breslow, James E. 
Darnell, Jr., Paolo Mocarelli, Annemarie Walsh, and the Rockefeller 
transgenic facility for their support. The research was supported by the 
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Fig. 3. (4) Coronal sections of brain from GIRK2 +/ + and -/- mouse brains stained with antibodies against the N terminus of GIRK2, the 
N terminus of GIRK1, and the C terminus of IRK1 show that there is no detectable GIRK2 and dramatically reduced GIRK1 immunoreactivity 
in the GIRK2 -/- mice. The IRK1 staining patterns are the same for these mice. CTX, cerebral cortex; HP, hippocampus; Th, thalamus. (Bar = 
10 mm.) (B) Sagittal views of cerebella from GIRK2 +/+ and -/- mice stained with the antibodies described in A. Although there is no detectable 
GIRK2 protein in the -/- mice, there is still significant GIRK1 staining, whereas the level of IRK1 expression appears to be the same, g, granule 
cell layer; m, molecular layer. (Bar = 20 mm.) (C) Coronal sections of ventral midbrain from +/+, — /— , wv/— , and wv/wv mice are stained with 
antibodies against TH and the N terminus of GIRK2. The TH staining of +/+, -/-, and wv/- midbrain appears similar, whereas there are fewer 
TH-positive neurons in the substantia nigra pars compacta (SNc) of the wv/wv midbrain. GIRK2 immunoreactivity is absent in the -/- midbrain 
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Fig. 4. Susceptibility of GIRK2 -deficient mice to PTZ- induced 
seizures. (4) Response of mice receiving one injection of 50 mg/kg 
PTZ i.p. (0, no response; 1, isolated twitches; 2, tonic-clonic convul- 
sions; 3, tonic extension and/or death). GIRK2 -/- mice (n = 16) 
tend to progress to more severe stages than +/ + or +/- mice (n = 
13 and 12, respectively; P < 0.004, Mann- Whitney U-Wilcoxon rank 
sum test). No statistically significant difference was observed between 
+/+ and +/- animals. (B) Seizure latency. The PTZ seizure latency 
was defined as the time elapsed from PTZ injection to the first obvious 
sign of tonic-clonic convulsion or tonic extension. The latency to 
seizures was shorter for the -/- mice (*, P < 0.002, unpaired test). 
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VTA, ventral tegmental area. (Bar = 1 mm.) (D) High magnification views of parasagittal cerebellar sections from +/+, -/-, wv/—, and wv/wv 
mice. The sections are counterstained with toluidine blue or stained with antibody against the C terminus of IRK1, which stains the cell body and 
dendrites of the Purkinje cells as well as the dendrites in the granule cell layer. The wv/- cerebellum is mostly wild-type in appearance except for 
regions with a PuTkinje cell layer more disorganized and broader than that in GIRK2 +/+ and — /— mice. Some Purkinje cells and their dendrites 
can be found in the granule cell layer of wv/— mice. In the wv/wv cerebellum, there is no granule cell layer, and the Purkinje cells with disorganized 
dendrites are scattered throughout the cerebellum, m, molecular layer; p, Purkinje cell layer; g, granule cell layer; p/g, cell layer where both Purkinje 
cells and granule cells are found; m/p, cell layer where molecular layer and Purkinje cell layers collapse into one in the absence of granule cell 
layer; wm, white matter. (Bar = 0.2 mm.) 
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Abstract 

Since its first description in 1981 (1), transgenic technology has greatly influenced the focus 
and direction pace of biomedical research. Introduction, of foreign DNA i into the genome of 
animals by microinjection into fertilized oocytes is now used in almost every field of research 
spanning from oncology .immunology and neurology to cardiovascular medicine. The ability 
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to integrate genes in the germline and their successful expression in the host provides an 
opportunity to study the role of a certain gene in the initation and propagation of disease. 
Transgenic methodology serves as the link between molecular biology, introducing in vitro a 
defined genetic modification and whole animal physiology, with the resulting in vivo 
alteration of body function. This potential has been exploited to study the pathophysiological 
role of human genes. Transgenic animals have been used to study aspects of tumor 
development, immune regulation, cardiovascular development and atherosclerosis. These 
studies have provided new insights into the genetic origin of certain diseases and have 
improved our understanding of pathological processes on the cellular level. As a future goal, 
these studies may also serve the development of new diagnostic tools or novel therapeutic 
strategies such as gene therapy. 

Introduction 

Our understanding of body function in health and disease has been advanced in the past 
primarily by the use of animal models for human disease. However, to establish a relationship 
between the regulation of a certain gene and a complex disease process has been difficult. The 
expression of a foreign gene creates a defined genetic defect, which allows to closely correlate 
the effect of this gene to a physiological trait. 

Studies on the regulation of gene expression and gene function in humans are strongly limited 
due to ethical reasons. Expression of human transgenes in animals therefore is an elegant way 
to obviate these difficulties. Experiments using transgenic animals can be divided into four 
categories: I) Studies on gene regulation: which include the expression of only the regulatory 
elements of a gene such as the promoter region in transgenic animals. The promoter region of 
a gene is connected to a reporter gene which is easiliy detectable. Such studies using the 
promoter region are of use in the analysis the regulatory elements for tissue-specific 
expression and identification of cis-acting factors controlling gene transcription. 2) 
Investigation of the function of a gene product: Here, the gene of interest is under control of 
either the natural homologous promoter or a heterologous one which directs expression to 
specific cells and tissues. Additionally, mutants of the gene of interest may be introduced for 
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analysis of specific biochemical properties. 3) In vivo immortalization of cells: this is 
accomplished e.g. by fusion of a gene promoter region to a SV 40 large T antigen. The 
immortalized cell lines are then isolated for in vitro analysis. Finally 4) expression of proteins 
In mammary gland tissue in order to obtain large quantities of secretory protein within the 
miik. 

Transgenic technology was originally developed in the mouse and, therefore, most transgenic 
studies are performed in this species. The mouse model provides serveral advantages such as 
comparatively numerous offspring with short generation times and well-known genetics. For 
specifc research questions, however other species have been used such as rat, sheep, rabbit, 
goat and zebrafish (2-5). In cardiovascular research rats have been the animals of choice to 
study cardiovascular function. They are suitable for pharmacological tests and have provided 
animal models for hypertension, cardiac and renal disease. 

The most widely used technique applied for transgenic production is micromanipulation of 
fertilised oocytes from superovulated donor animals and microinjection of DNA into the 
pronucleus (1,6). The DNA-injected eggs are reimplanted into pseudopregnant foster mothers 
and the offspring are then analysed for the presence of the foreign DNA in the genome. This 
technique is basically common to all animal species where this technology has been applied. 
Time schedule, hormone treatment and operating procedure, however, require adjustment to 
the respective species. Whereas microinjection aims at implantation of foreign genomic 
material into the germline, different techniques have been developed to insert DNA into 
somatic cells (7-10). This implies transgenesis in cells which are not part of the germline and, 
therefore, a genetic alteration can not be propagated to the offspring. These techniques often 
aim at gene therapeutic approaches where a defective gene can be replaced in function at some 
time in the ontogeny. 

Three methodological approaches have been used to generate transgenic ariimals: i) injection 
of DNA into the pronucleus of fertilized oocytes as described above, ii) homologous 
recombination in embryonic stem cells of mice (11) and iii) retroviral infection of 
preimplantattve blastocysts (12). At present, research efforts are focused on the first two 
techniques which represent two sides of a coin. The "knock out" approach achieved with 
homologous recombination yields a "loss-of-function" study, in contrast to the "gain-of- 
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function" approaoh which is used in microinjection causing overexpresslon of a gene. "Less- 
or-function" is a tool to analyse the function of a gene by functional interruption and is 
achieved by inserting a disruptive sequence in vitro. The endogenous gene is replaced with the 
mutated gene by homologous recombination in the stem cell. Despite the precision of this 
method, functional conclusions are not easily drawn from such experiments. For example, 
gene "knock-outs", especially of transcription factors, have often demonstrated no apparent 
phenotype due to the functional redundance of cell and gene regulatory systems . Other gene 
disruptions have precluded extensive analysis due to embryonic lethality. Studies using partial 
"loss-of-runction M -mutants or double knock outs are under way to obviate these difficulties 
(13). Thus far, embryonic stem cell technology has only be successful in mice, however, the 
need to generate rat embryonic stem cells has been recognised for physiological and 
pharmacological investigations. 

Homologous recombination allows replacement of a the native gene by a mutant which can be 
analysed in the natural chromosomal environment, which affects gene expression and 
regulation. In contrast, transgenesis by micorinjection occurs by random insertion into the 
genome without control of copy numbers of DNA integrated. To achieve a reproducible gene 
integration, locus control regions or matrix attachment regions have been used as control 
elements to direct transgene integration (14-17). Another successful strategy has been not to 
inject the transgene alone but rather large DNA constructs such as yeast artifical 
chromosomes (18-19), in order to control the "environment" of the transgene. These 
techniques will in the future redefine the transgenic methodology and possibly other newly 
developed strategies for somatic transgenesis. Progress in this field can not bo separated from 
gene therapeutic approaches, where a foreign gene will be transfered into somatic cells. A 
vast number of different in vitro and in vivo strategies exists for gene transfer. In vitro 
strategies use host cells that arc isolated from the body, grown , stably transfected with a 
transgene and then reimplanted (10). In vivo studies directly apply DNA to the host either by 
direct injection into the tissue of interest, by liposomal transfection, by retroviral or adenoviral 
infection (8,9) or by receptor-mediated uptake e.g. by via the transferrin receptor. A detailed 
description of these technologies, however, is beyond the scope of this article, 
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Transgenic animals in cardiovascular disease 

The cardiovascular system has been the focus of interest for transgenic research due to the 
high cardiovascular morbidity and mortality in industrialized societies. Transgenic animals 
have been generated for almost every aspect of cardiovascular research from hypertension to 
formation of myocardial tumors. The candidate gene approach has been used to study, the 
effects of gene products of hormones which are known to. be involved in blood pressure 
regulation and which are supposed to play a role in the pathogenesis of hypertension. Other 
risk factors of cardiovascular disease such as atherosclerosis or hemostatic mechanisms have 
been investigated by transgenic techniques. 

Candidate gene approach/neurohormonal studies 

The regulation of cardiovascular function is complex and depends on many factors which 
interact in a defined spatial and temporal pattern. It is therefore difficult to. assign a particular 
phenotype or functional parameter to a certain gene. Transgenic introduction of a gene into an 
organism does allow to define the contribution of a certain gene to the physiology or 
pathophysiology of cardiovascular function. Due to the multitide of hormones, regulatory 
peptides, cell signalling pathways etc., research has focused on the role of candidate genes. 
These are genes,, which are known to be involved in cardiovascular regulation and, therefore, 
likely to play a role in dysfunotion of the heart or the vascular wall as in hypertension^ Since 
the expression of the transgene in animals is the only difference to transgene-negative control 
animals, a change in cardiovascular function can be correlated to the presence of the 
transgene. 

The precursor of arginine vasopressin, preproarginine vasopressin, which is under control of 
the metailothionein promoter has been expressed in transgenic mice resulting in chronically 
elevated levels of vasopressin in the plasma (20). Incjeased levels of vasopressin were present 
in the plasma elevating serum osmolality to levels corresponding to mild nephrogenic diabetes 
insipidus. Atrial natriuretic peptide which is known to reduce blood pressure and to induce a 
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marked natriuresls has been expressed in mice to study the effeots of chronically elcvatd ANP 
levels on cardiovascular function. Use of the heterologous mouse promoter transthyretin 
resulted in a ten-fold elevation of immunoreactive plasma ANP and significantly lowered 
blood pressure without altering plasma electrolyte balance (21). 

Transgenic animals have also been generated in hypertension research. Besides the known 
influence of environmental factors on the development of high blood pressure, hypertension 
has a strong genetic background (22,23). Therefore, candidate genes of hypertension such as 
the components of the renin-angiotensin system have been studied in detail. This system is a 
major regulator of blood pressure and of sodium- and volume homeostasis. Renin genes of 
different species, as well as its substrate angiotensinogen, have been introduced into 
transgenic mice (24-27). Transgenic mice expressing both the rat or human renin and 
angiotensinogen gene developed elevated blood pressure levels (27,28). However, rats, as 
opposed to mice, have attracted much interest in the field of research, since they are more 
suitable for hemodynamic, pharmacological and functional studies. Rats with hereditary 
hypertension, such as spontaneously hypertensive rats, have been used as a model for primary 
human hypertension. Expression of the mouse renin-2-gene in transgenic rats has led to 
flilminant hypertension with values in the range of 220 mmHg systolic in heterozygous 
animals (3). Unexpectedly, despite the presence of an additional renin gene, these rats exhibit 
a low plasma renin activity, corresponding to low renin hypertension syndromes in humans. 
Transgenic rats with the human renin and angiotensinogen gene have also been generated 
which maintain the species-specificity of the human renin-substrate reaction (4). 

Cardiovascular aspects can also be demonstrated in transgenic mice overexpressing growth 
hormone (29,30). Excess growth hormone in humans causes acromegaly and gigantism. 
Patients suffering from this disease frequently develop hypertension, although growth 
hormone by itself is not hypertensinogenic. Overexpression of a metallothionein-tusion gene 
in mice did not significantly raise blood pressure, but the vascular wall-to-lumen ratio was 
significantly altered in mesenteric arteries. The increase in wall thickness in these arteries may 
elevate peripheral resistance and thus contribute to the hypertensive blood pressure levels in 
acromegalic patients. However, the multifocal expression of growth hormone has also a 
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number of other effects resulting in progressive glomerulosclerosis after induction of 
mesangial cell growth. (30) 

In addition to hypertension, other risk factors of cardiovascular disease such as atherosclerosis 
have been investigated: Lipoproteins are the macromolecular transporters of non-polar lipids. 
The major high density lipoprotein (HDL) associated apolipoprotein is apolipoprotein AL 
Plasma HDL concentrations as well as apoAI levels have been shown to be inversely 
correlated to the development of premature coronary heart disease. As its major 
apolipoprotein constituent, apoAI plays a central role in HDL assembly. The human apoAI 
gene was transferred into the atherosclerosis susceptible inbred mouse strain C57BL76. This 
transgene lead to a 2-fold increase in apoAI and HDL. Similarly, apolipoprotein B was 
expressed in transgenic mic (32). Although these mice were fed a high fat diet, they were 
markedly protected from atherosclerotic plaques. In other experiments, high levels of the low 
density lipoprotein (LDL) receptor was expressed using a receptor cDNA under the control of 
a metallothionein promoter. These mice cleared LDL from blood 8-times faster than 
normally. The transfer of LDL receptors to patients with known genetic LDL receptor defects 
as in familial hypercholesterolemia may be an approach do replace defective receptor function 
(33). 

Transgenic animals in pulmonary disease 

Most animal models which are used to mimic human disease are based on lesions which are 
applied to the adult animal and then the course of disease or the effect of treatment is analysed 
over time. Whereas animal models applicable to chronic and degenerative disease processes 
is less frequent developed. New animal models for chronic human disease may be generated 
by trahsgenic animals either by overexpressiori and excess function of a particular gene or by 
disruption of a functional gene. The success of these approaches depends on the extent to 
which a singular ge«e is indeed responsible for a disease. Hie investigation of cystic fibrosis 
the most common autosomal inherited disease, is a paradigm for these problems. The 
defective gene in cystic fibrosis patients has been identified as Cftr> which encodes an ion 
channel at the cell membrane. By homologous recombination, several groups succeeded to 
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disrupt the Cftr gene (34-36). All animal lines developed symptoms of cystic fibrosis. 
Although all these experiments created null mutations, the time course and the pattern of 
tissue involvement differed between the lines. These null mutation mice may be used for 
further studies on the Cftr gene, by introducing mutations of the Cftr gene via the transgenic 
approach. Comparison of the different clinically important mutations compromising the Cftr 
gene may clarify the tissue specific pattern of tissue involvement, Beyond that, these mice are 
excellent models to develop gene therapeutic strategies. Somatic transgenesis by liposomal 
transfection led to expression of a functional Cftr gene in the lung of these transgenic mice 
with the disrupted ion channel. (7), Gene therapeutical trials are now underway in humans 
with cystic fibrosis to apply the an intact Cftr gene supplementing the defective non- 
functional Cftr gene. 

Transgenic animals in neurodegenerative disorders 

As for chronic lung disease, transgenic methodology is being used to generate animal models 
which represent important aspects of human neurodegenerative disorders. The focus of 
interest has been Alzheimer's disease, where beta-amyloid, derived from the amyloid 
precursor protein, is chronically deposited in senile plaques and along vessel walls. In some 
forms of familial Alzheimer's disease, mutations of the amyloid precursor protein have been 
identified to be responsible for the development of the disease. Expression of the amyloid 
precursor protein in transgenic mice has not led to a distinctive Alzheimer's disease 
-phenotype in the brain of these animals, however, a carboxy terminal fragment of the amyloid 
protein precursor causes neurodegeneration in vivo (37). Whether this closely correlates to 
Alzheimer's disease in humans is not clear and further studies aimed at overexpression of 
other components of the senile plaques such as the microtubulc-associated protein tau are 
under way to generate an animal model for the human disease* 

Transgenic animals in oncology or Immunology 

In these fields, most of the research employing transgenic technology is focused on 
fundamental studies rather than clinical disease. Several studies are being performed to 
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clarify the regulation of oncogenes. In particular, how they are activated and by which 
pathways these oncogenes exert their carcinogenic potential. Transgenic animals have been 
used as specific research tools to study the different steps in tumor development leading to a 
better understanding of the tumor-host interaction, tumor growth and angiogenesis and 
metastatic seeding. The analysis of these processes may lead to new therapeutic strategies, 
which could interrupt tumor development at the different stages. Similarly, the understanding 
of the immune system, the cytokine network and the host versus graft reaction in 
transplantation have been enhanced by transgenic approaches (38). The interaction of the 
cytokine network with antibody formation and B ceil activity has been studied by "knock out" 
experiments. Gene targeting was used to disrupt genes involved in B and T cell differentiation 
(38,39). The role of cytokines and of differentiation factors in autoimmune and inflammatory 
disease has been investigated in several transgenic models . Overexpression of human tumour 
necrosis factor alpha in transgenic mice led to the development of chronic arthritis and 
systemic tumor necrosis factor-mediated disease (40). As a sign of chronic arthritis, 
accumulation of polymorphnuclear cells, synovial thickening and finally synovial hyperplasia 
and pannus, eroding the cartilage was observed. Similarly "knock out" of transforming factor 
fi led to chronic and diffuse inflammation (41). How these experiments truely represent 
human syndromes of chronic inflammation remains to be elucidated, but they allow the 
investigation of the regulation of uiflammatory processes. 

Concluding remarks 

Transgenic methodology has so rapidly developed that inclusion of all relevant data and 
publications is beyond the scope of this manuscript. However, it has been shown that 
transgenic methodology has spread into every field of biomedical research. : Transgenic 
animals are being used to create new models for human disease, i) by generation of animal 
models which resemble the human condition as close as possible and ii) by in-detail analysis 
of the pathogenesis of human diseases under in vivo conditions. The further refinement of this 
technology from simple injection of foreign DNA into an oocyte to expression of large 
chromosomal regions and to the technique of embryonic stem cell manipulation underscores 
the fact that this technology is still in development. 
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Transgenic methodology, however, can not be considered in isolation: It is rather part of a 
major advancement gene technology has provided, extending into the fields of cell biology 
and molecular genetics. For examples, novel strategies in molecular genetics allow to identify 
the causative genes for disease and pathophysiological processes. In return, these genes can 
then be tested in transgenic animals on the functional and cellular level, In the future, these 
technologies can act in concert to develop new therapeutic strategies for human diseases and 
are therefore of interest for clinical applications. The methodological expansion, however, 
requires collaborative efforts of scientists and transfer of know-how between specialised 
laboratories more than ever. 
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Advances in biotechnology over the last ten years have made 
it possible for the researcher to alter gene expression in vivo in 
many diverse ways (1). With the establishment of embryonic 
stem (ES) 1 cell technology (2), more subtle and precise alter- 
ations can now be achieved than were previously possible us- 
ing microinjection techniques. However, to date germline 
transmission has only been achieved with mouse ES cells, and 
microinjection continues to be the method most widely used 
for other species. While the mouse has a number of advan- 
tages, not least the depth of our knowledge of its genetics, 
other species are being increasingly used for transgenic studies 
due to their greater suitability for addressing specific ques- 
tions. We will briefly review the application of transgenic tech- 
nology to nonmurine species as it stands at present, with par- 
ticular emphasis on developments appertaining to biomedical 
research. 

Transgenesis by pronuclear injection 

A number of significant limitations regarding the application 
of pronuclear injection to nonmurine animals have been iden- 
tified (3), not least being the time and cost. Such limitations 
are due to longer gestation and generation times, reduced lit- 
ter sizes, and higher maintenance costs. Further consideration 
must be given to the large numbers of fertilized eggs (and 
hence donor animals) required for microinjection, the high 
cost of carrying nontransgenic offspring to term, and the rela- 
tively low efficiency of gene integration. Such limitations are 
particularly severe for the production of bovine transgenics 
and, as a consequence, more significant departures from the 
standard procedures used for the mouse have been adopted 
for this species (4). For example, the use of in vitro embryo 
production in combination with gene transfer technology has 
played a large role in the development of transgenic cattle. 
The development of microinjected embryos through to the 
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morula/blastocyst stage in recipient rabbits or sheep, enables 
sexing, transgene screening, and cloning to take place before 
reintroduction into the natural host, providing that such 
screening methods are robust and reliable. 

The major problem regarding pronuclear microinjection is 
that the exogenous DNA integrates randomly into chromo- 
somal DNA. Position effects, where the transgene is influ- 
enced by its site of integration in the host chromosome (5), can 
have major consequences on the expression of the transgene, 
including loss of cell specificity, inappropriately high copy 
number-independent expression and complete silencing of the 
transgene. This is of greater concern in nonmurine transgene- 
sis where the investment is higher. Position-independent, copy 
number-related expression can be achieved using sequences 
such as the locus control regions identified upstream of the 
(3-globin gene cluster and downstream of the CD2 gene (6, 7), 
the A elements which flank the chicken lysozyme gene (8), and 
matrix attachment regions (9). Such elements have been 
shown to function across species barriers, and their incorpora- 
tion into gene constructs can overcome position effects and im- 
prove expression of heterologous genes within specific cell 
types (5). In many cases, simply including large amounts of 
flanking sequences may be sufficient to overcome position ef- 
fects and direct expression to specific tissues. To this end, the 
development and use of PI (10), bacterial artificial chromo- 
some (BAC) (11) and yeast artificial chromosome (YAC) vec- 
tors (12) for cloning of large segments of DNA, should greatly 
improve the chances of including important regulatory ele- 
ments, including those involved in chromatin structure, within 
the transgene construct. 

Embryonic stem cell technology 

With the development of ES cell technology in the mouse (2), 
genetic manipulations can be performed in cell culture using 
appropriate selection strategies to permit the directed integra- 
tion of the transgene to a specific region of the chromosome 
via homologous recombination. With the advent of homolo- 
gous recombination, the researcher is able to insertionally in- 
activate, replace, or introduce subtle alterations to the endoge- 
nous gene of interest. Once the intended genetic change has 
been verified, the appropriate ES cells are introduced into 
blastocysts by microinjection, and, during subsequent gesta- 
tion, may contribute to the developing embryo. If such a con- 
tribution is made, then by definition the resulting animal 
would be chimeric, being derived in part from the ES cells 
originating in culture. Assuming that the chimerism extends to 
the germline, then an appropriate breeding strategy will lead 
to the recovery of nonchimeric heterozygotes and, if viable, 
mice which are homozygous for the genetic change. 

Most attempts to isolate and culture inner cell mass (ICM) 
cells from other species are based on the methods used for the 
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mouse. ES cells are maintained in culture in the presence of 
mouse-derived differentiation-inhibiting agents, provided ei- 
ther as a media supplement or through cocultivation in the 
presence of feeder cells. It has been suggested that these 
mouse-derived agents do not adequately prevent differentia- 
tion of stem cells in species other than the mouse, and pluripo- 
tent rat ES cells, capable of producing chimeras, were found to 
grow best on primary rat embryonic fibroblasts, as the feeder 
layer (13). Freshly isolated cells f= om ICMs have been injected 
into blastocysts to produce chimeric offspring in both sheep 
and cattle (14), and their totipotency at this stage is further 
demonstrated by their ability to produce offspring after trans- 
fer into enucleated oocytes (15). Such nuclear transfer tech- 
niques are potentially very useful for the production of clonal 
offspring and would avoid the initial chimeric generation ne- 
cessitated by the injection of ES cells into blastocysts. Re- 
cently, bovine-specific culture methods have shown promise 
with cells of up to 27 d of age maintaining their ability to direct 
normal calf development following nuclear transfer (16). How- 
ever, at the present time the reliable generation of bovine ES 
cell lines requires the pooling of ICMs from several blastocysts 
and further efforts are required to enable the long-term cul- 
ture of clonal bovine ES cells. Although to date chimeric ani- 
mals have been generated from several species including the 
pig (17), in no species other than the mouse has germline 
transmission of an ES cell been successfully demonstrated. 
This remains a major goal for the future and may well require 
the use of novel strategies which depart widely from the tradi- 
tional methods used in the mouse. 

Nonmurine species in biomedical research 
Selected physiological questions may be more conveniently 
modelled in the rat or in larger species. Not only can physical 
size be an advantage for biochemical sampling and physiologi- 
cal analyses, but certain genes may provide useful information 
when introduced into, for example, the rat genome when par- 
allel experiments in the mouse would be ineffective. Examples 
include the modulation of blood pressure by the mouse Ren-2 
gene (18) and the modeling of inflammatory disease (19). In 
both cases, but for different reasons, no phenotype was ob- 
served in the respective transgenic mice, highlighting one of 
the advantages of having alternative species for understanding 
physiological mechanisms and the etiology of disease. More 
recently, a number of transgenic experiments have been un- 
dertaken to investigate lipoprotein metabolism. The human 
apolipoprotein A-l gene was. successfully expressed in the rat 
(20), resulting in increased serum HDL cholesterol concentra- 
tions, and attempts to therapeutically lower apo B100, and 
hence LDL and lipoprotein(a) concentrations, in the rabbit 
were successful (21) but resulted in complications. Although 
the targeted expression of the apo B-editing protein in the 
liver of the transgenic rabbits resulted in reduced LDL and li- 
poprotein(a) concentrations as intended, many of the animals 
developed liver dysplasia, suggesting that high level expression 
of the editing protein had unforeseen and detrimental side ef- 
fects, possibly via the editing of other important mRNAs.The 
rabbit has also been used in HIV-1 research, with the develop- 
ment of a line expressing the human CD4 protein on T lym- 
phocytes (22). Susceptibility to HIV infection was demon- 
strated, and although the rabbits are less sensitive to infection 
than humans, they may represent an inexpensive alternative to 
primates for many studies. 



Gene transfer in farm animals was initially aimed towards 
improving production efficiency, carcass quality (23), and dis- 
ease resistance of livestock. However, it has been suggested 
that the simple over-expression of hormones such as growth 
hormone may have unacceptable side effects. Recently some 
elegant studies of growth using transgenic rats have been per- 
formed and are likely to yield valuable information on the bio- 
chemistry and physiology of growth (24, 25). A more success- 
ful application of transgenesis in farm animals has been the 
production of biomedically important proteins. The two most 
popular methods have been to direct expression to hematopoi- 
etic cells or to the lactating mammary gland. In the former 
case, transgenic swine expressing high levels of human hemo- 
globin were generated using the locus control region from the 
p-globin gene cluster to overcome positional effects and direct 
expression to the hematopoietic cells (26). However, due to its 
natural ability to synthesize and secrete large amounts of pro- 
tein, the mammary gland has become the primary focus for the 
expression of heterologous proteins in large mammals. Trans- 
gene expression has been successfully directed to the mam- 
mary gland using promoter sequences from milk protein genes 
such as those encoding ovine p-lactoglobulin (BLG), goat 
P-casein, and murine whey acidic protein. The BLG promoter 
was used to direct expression of human a r antitrypsin in lines 
of transgenic mice and sheep (27). Interestingly, a wide varia- 
tion in expression was observed between mouse lines, and 
from one lactation to another within a single line. In sheep 
however, similar high levels of heterologous protein were ex- 
pressed in milk over consecutive lactations and over several 
generations in a given transgenic line, allowing the viable de- 
velopment of a flock of transgenic sheep. In separate studies 
high levels of expression of human tissue plasminogen activa- 
tor were obtained in goat's milk under the control of the goat 
p-casein promoter (28). The development of suitable purifica- 
tion methods and the use of transgenically produced proteins 
in clinical trials are well advanced, and, if successful, will have 
important implications for the production of human proteins 
in transgenic livestock. Poor expression of the ovine promoter 
in the mpuse may reflect species differences in recognizing het- 
erologous versus homologous promoters and raises questions 
concerning the predictive value of mouse models. At best 
therefore the generation of transgenic mice may, in certain 
cases, only be a guide to the potential success of a transgene 
construct in another species. 

Gene transfer could equally be used to enhance the quality 
and suitability of milk derived from domesticated animals as a 
food for human consumption. Human milk is devoid of p-lac- 
toglobulin, which is responsible for most of the allergies to 
cows* milk, and has a relatively high content of lactoferrin, 
which is important in iron transport and combating bacterial 
infections. One could envisage in the future the reduction of 
saturated fat content in cows' milk and the knock-out of un- 
wanted proteins or their replacement with other more useful 
components. Through the manipulation of milk constituents it 
should be possible to more closely emulate the desirable com- 
ponents of human milk. The alteration of milk composition 
would appear to be a practical possibility given that milk mi- 
celles are remarkably tolerant to changes in composition, as 
demonstrated by the knock-out of the mouse p-casein gene 
(29). Ethical concerns regarding the generation of transgenic 
animals, which have been engineered specifically for pharma- 
ceutical, medical, or nutritional reasons, lie outside the scope 
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of this overview, however it must be clearly ascertained that 
expression of a transgene does not compromise the animal. 

Xenograft organs for transplantation surgery 
The shortage of human organs for transplantation has raised 
interest in the possibility of xenotransplantation, i.e. the use of 
animal organs (30). However, the major barrier to successful 
xenogeneic organ transplantation is the phenomenon of com- 
plement-mediated hyperacute rejection (HAR), brought 
about by high levels of circulating natural antibodies that rec- 
ognize carbohydrate determinants on the surface of xenoge- 
neic cells. After transplantation of the donor organ, a massive 
inflammatory response ensues through activation of the classi- 
cal complement cascade. This leads to activation and destruc- 
tion of the vascular endothelial cells and, ultimately, the donor 
organ. The membrane-associated complement inhibitors, en- 
dogenous to the donor organ, are species restricted and thus 
confer only limited resistance. The complement cascade is reg- 
ulated at specific points by proteins such as decay accelerating 
factor (DAF), membrane cofactor protein, and CD59. These 
regulators of complement activation are species specific. The 
initial strategy used to address HAR in porcine-to-primate xe- 
notransplantation was to produce transgenic pigs expressing 
high levels of the human terminal complement inhibitor, 
hCD59. This was shown to protect the xenogeneic cells from 
human complement-mediated lysis in vitro (31). More re- 
cently, organ transplantation has been achieved using donor 
pigs which expressed human DAF on their endothelium (32), 
or both DAF and CD59 on erythrocytes, such that the proteins 
translocated to the cell membranes of endothelial cells (33). 
After transplantation, the pig hearts survived in recipient ba- 
boons for prolonged periods without rejection (33). Clearly, 
such genetic manipulations are bringing xenotransplantation 
ever closer to reality. If the isolation of suitable ES cells and 
application of homologous recombination becomes a reality in 
the pig, it may be possible to knockout the antigenic determi- 
nants to which antispecies antibodies bind, as a further strat- 
egy for eliminating HAR. 

Summary 

The use of nonmurine species for transgenesis will continue to 
reflect the suitability of a particular species for the specific 
questions being addressed, bearing in mind that a given con- 
struct may react very differently from one species to another. 
The application of transgenesis imhe pig should produce ma- 
jor advances in the fields of transfusion^ and transplantation 
technology, while alterations in the composition of milk in a 
range of domesticated animals will have major effects on the 
production of pharmacologically important proteins and could 
eventually lead to the development of human milk substitutes. 
Despite the lack of germline transmission to date, major ef- 
forts continue to be directed towards the generation and use of 
ES cells from nonmurine species, using both traditional and 
new technologies, and the availability of such cells is likely to 
accelerate both the use of such species and the precision with 
which genetic changes can be introduced. 
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Abstract 

The notion of directly introducing- new genes or otherwise directly manipulating the 
genotype of an animal is conceptually straightforward and appealing because of the 
speed and precision with which phenotypic changes could be made Thus, it is of 
little wonder that the imagination of many an animal scientist has been captivated 
by the success others have achieved by introducing foreign genes into mice The 
private sector has embraced t:an.T 0 jnic livestock technology resulting in the 
formation of two new industries. However, before transgenic farm animals become 
a common component of the livestock production industry, a number of formidable 
hurdles must be overcome. In this brief communication, the technical challenges 
are enumerated and possible solutions are discussed. 
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Introduction 

The definition of transgenic animals is evolving. For the purpose of this paper 
a transgenic animal is one containing recombinant DNA molecules in its genome 
that were introduced by intentional human intervention. In this n view I will focus 
on animals in which transgenes were introduced into preimplantation embryos by 
pronuclear microinjection, with the intended consequence of producing germane 
transgenics as opposed to somatic cell transgenics. Though there are other means of 
introducing genes into preimplantation embryos (20,29), pronuclear microinjection, 
basically as originally described by Jon Gordon (25). and as modified for livestock in 
our laboratory^vfe), is still the predonrnant method employed. " 
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Why make Transgenic animals'.' 



A Medline search reveals that over 6.00J scientific articles have been 
puhhshed^n which transgenic animals (mostly mice) were used jo ^answer bas, c 
Research questions. By contrast 289 papers dealt with ^^^^^ 
24% were reviews. The limited publication record for transgenic livestock species 
reflects the high costs and technical difficulties associated with producing 
transgenic livestock more than lack of applicability of this technology to farm 
animate A number of well defined goals have been enumerated in e n«~ 
rev,™ articles written by animal scientists. Not surprisingly many of the proposed 
applications closely parallel the long term objectives of animal agriculture 

In theory, transgenic technology provides a mechanism by which 
economically important traits can be attained more rapidly than by selective 
breeding without" concern of propagating associated, .^ly unable J. net 
characteristics If genetic precision and speed of improvement were the only 
adrntgTof transgenic technology, use of that au Uiodo.ogy might be , d.f£ul. ~ 
justify TVt is been— current cost of producing transgenic animals are h,gh and 
und^tandmg of the appropriate genetic manipulates required to influence 
economSaily Important traits is limited. However, transgenic technology offers 

Gene's can be transferred across species boundaries and can be m , 
to function very differently than they do ,n their native form (ge - P-duct . t, su 
snecificity and timing of expression can be altered). The abiliU to icautci 
excess on of genes to another organ has spawned the transgenic bioreactor 
mJusS For the most part, transgenic bioreactors are farm animals designed o 
product new proteins in their milk or other body fluids. It ,s env.s.oned thai lh a. 
apfro ch wd'have application in both food production and the — - 
Modifying the composition of milk through genetic engineering is the topic of Dr. 
Bremel s paper in these proceedings and will not be dealt w.th here. 

Transgenic Livestock projects 

For the sake of brevity, only a very brief summary of the 37 gene constructs 
that have oeen tested in livestock will be reported here. The reader -a, referred to 
two excellent revie.vs that list those instructs and their consequences UM3). - 

TheT T h f f 'power of transgenic technology is derived from the introduction of 
genetic mfo^rna on w,th new functionality. The strategy for building a transgene 
Con gene) involves selecting a genetic regulatory element (often called 
promoter" "but usually containing both an enhancer element and z promoter that 
will determine ^^^^^^ 
ZZ^S^XZZZZ and of, at will The second part of the gene 
construct consists of DNA sequence encoding the desired protein (often referred to 
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as the structural component of the transgene). v For example, in the first transgenic 
livestock experiment (28) we wanted to .ncrease the levels of circulating growth 
hormone in a controlled manner. The gene construct used to accomplish this 
consisted of the regulatory element of a metallothionein (MT) gene fused to the 
coding sequence for growth hormone (GH). Metallothionein is an inducible liver 
enzyme, and its gene is usually quiescent (turned off) until a threshold level of 
circulating zinc or cadmium triggers transcription. Therefore, it was expected that 
the MT-GH fusion gene would be silent until the animals were fed zinc. In those 
experiments GH expression could be inducted but, in most cases, the transgene^W 
could not be turned off completely. New more complex inducible approaches are nov?"^ 
being tested (23,26). These new systems rely on tetracycline or its analogs to 
activate or repress transgene expression. It is too early to know if these strategies, 
in their current form, will be more tightly regulated then the MT system. However, 
if they are not, the general paradigm on which the new systems are based will 
probably lead to 'mproved inducible systems 

. m -Ltd T t ^ it£ >genic Projects. 

The vast majority of original research reports have focused on growth 
enhancement. Growth hormone (GH) was the structural gene employed tr 13 of 
those publications and the gene for growth hormone releasing factor in four. Other 
structural genes tested include IGF-1, cSKI and an estrogen receptor. The 
regulatory elements derived from MT genes, from various species, were most 
frequently used appearing in nine of the growth-related fusion genes. Long 
terminal repeats (LTR) from two retroviruses, MIA" and RSV, and sequence from 
CMV, a DNA virus, served as regulatory components of transgenes. as have the 
promoters from albumin. prolactin, skeletal acttn, transferrin and 
phosphoenolpyruvate carboxykinase (PEPCK) genes. All but two of 21 growth 
constructs were tested in pigs and the most striking phenotypes resulted from the 
use of MT-GH fusion genes (53). 

Seven transgenes designed to enhance disease resistance and to produce 
immunologically-related molecules have been introduced into pigs and sheep 
(5,13,41,67). Though desirable expression patterns have been reported in-several of 
the projects, none of the studies has progressed to the point of demonstrating a 
beneficia| effect of transgene products. _ , x 

Very recently it has been reported that transgenic sheep with enhanced wool 
production characteristics have been produced (9). The results are quite promising; 
if no^ unforeseen anomalies occur, transgemcally produced wool maybe the first 
marketed livestork product. - ^ 

Biomedical Transgenic Projects. 

Other proposed transgenic farm animal applications are decidedly non- 
agricultural in nature. One of the first transgenic animal companies demonstrated 
the feasibility of producing new animal products by manufacturing human 
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hcmoglob.n in pigs, to serve as a principal component of a human blood substitute 
(59). Human ant.bod.es have also been produced in transgenic mice (62). Another 
area where transgenic animals, especially pigs, will have a significant impact on 
society will be in the development of human genetic disease models. To date genetic 
disease models have been generated in mice for atherosclerosis (6), sickle cell 
anemia (18), Alzheimer's disease (21), autoimmune diseases (44). lymphopoiesis 
(33). dermititis (55). and prostate cancer (61). These models for the most part 
require "knocking out" the function of a gene or replacing an existing gene with a 
mutant form Manv of these models will have to be replicated in farm animals to be 
useful. Unfortunately, the stem cell technology required to generate most ol the 
disease models is still in development for livestock (51) 

Finally, a new use not reported in the above mentioned reviews deserves 
note The objective of this new endeavor is to genetically engineer animals 
primarily pigs, so that their organs can be used as xenografts for humans 
Preliminary studies to test the concept have been performed in mice (40.42) and 
transgenic pigs have now been produced (19.54). Though several strategies are 
being explo-od. the geneial approach has been to block activation of complement 
which is normally part of the acute transplantauo i rejection response. These 
organs are intended for temporary use. until an appropriate human organ becomes 
available. However, as the technology develops, a driving force will be the design o! 
transgenic organs for extended use or permanent transplantation 

Characteristics of transgenic animals 

■Transgenic livestock projects are costly, primarily because the process i>-> 
.inefficient.' Production costs range from $25,000 for a single founder pig to over 
$500,000 for a single functional founder calf (64). The calculation for cattle wn- 
based on obtaining zygotes bv superovulation of embryo donors, the normal pracuc- 
for all mammalian species. However, the costs are reduced by as much as a thud .1 
oocytes derived from ovaries collected at slaughter are the starting material The 
remainder of this review will be devoted to characterizing the transgenic animal 
model to identify points in the process that reduce efficiency, and finally discussing 
possible approaches that have been proposed to overcome major hurdles to progress. 

Transgene Integration. 

Svenahough several hqndred copies of a transgene are microinjected an- 
transgene that becomes incorporated in.o the genome generally does so at a single 
location. Exceptions are rare (58). Thus, transgenic founder animals are hemizygous 
for transgenes. It is also common for a transgene locus to contain multiple copies of 
the transgener arranged in a head-to-tail array. These two characteristics of 
transgene loci should^p*owde clues to the melanism by which transuenes 
integrate. So far. few researchers have formulated compelling hypotheses to explain 
the event (2.47) and the hypotheses that have been proposed remain untested 
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Without knowledge of the molecular mechanism il is going (o be extremely difficult 
to devise approaches to make trans gene integration more efficient 

Transgene integration efficiency is low and ranges from about 1% in farm 
animals (cattle, sheep and pigs) to about 3% in laboratory animals (mice, rabbits 
and rats, Table 1). 



Table 1. Examples of embryo survival and transgene integration efficiencies from 
several laboratories. 



Transgenic animals produced 





Injected & 








Per embryo 






transferred 






Per 


injected & 




Species 


embryos 


Studies 3 


Offspring 6 


Offspring 


transferred 






(No.) 


(No.) 


(No.) 


(%) 


(%) 


Refs. 


Mice 


12,314 


!8 


1847 


17.3 


2.6 


(63) 


Rabbits 


1,907 


I 


218 


12.8 


1.5 


(28) 


Rat 


1,403 


5 


353 


17.6 


4.4 


(45) 


Cattle c 


1,018 


7 


193 


3.6 


0.7 


(30) 


Pigs 


19,397 


20 


1920 


9.2 


0.9 


(53) 


Sheep 


5,424 


10 


556 


8.3 


0.9 


(53) 




' Number of experiments, which in most cases was equivalent to number of different trenc constructs 
tested 

* The value for cattle includes both fetuses and live born calves 

r Eleven thousand two hundred and six eggs were microinjected and cultured One thousand and 
eighteen developed to morula or blastocysts and were transferred into recipient co\v> 



^^rainsgon^BXiJ^Sto^ 

Even after the one in 33 to one in 150 injected and transferred eggs results in 
a transgenic animal the efficiency^ diminished by failure of - 

tHe^fransp^ 

^fepUt half of tMnlsgehic lines, though some specific transgenes are expressed in a 
mgher proportions (15 °7). If a founder expresses its' transgene, so do its transgenic 

^offsp* mg. It isjiot clear^why some transgenes are expressed in all lines ^ud others* 
in only half the lines. Transgenes are sometimes activated in unintended tissues 
(ectopic expression), and timing of expression can be shifted relative to 
development. Our lackof u nderstandi ng of esse ntial genetic control ele ments makes 
it difficult to design .asgenes with piedictable behavior. The abbarent^xlpTessibn 
patterns (no * e*|H*resion> Or- wrong ^x|) repawn) see n in some hnese of transgenic 
animals has been attributed to the so-called#position effect If a transgene lands 
near highly active genes, the transgenes behavior maybe influenced by endogenous 
genes. Other transgenes may locate in transcriptionally inactive (heterochromatin) 
regions. The transgene may function normally or be completely silenced bv the 
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hctcroehromatin it is likely thai both of these factors (position effect and] 
unidentified control elements) contribute to lack of transgene expression in some] 
lines and variable expression in other lines. Some of these problems will be obviated! 
by use of "boundary" DNA sequences that block the influence of surrounding genes] 
(34,43). Refining transgenic technology for farm animals will remain a challenging! 
task in part because experimentation will often have to be conducted in the species] 
of interest That is because tra nsgene expression and the physiologic al! 
consequences o f transgene production livestock are not always accurately predicted J 
I n iransgenf cHnouse studies j 28,48T " ~ ~~ 

Transgene transmission. 

Because founder animals are usually single integrant hemizygous for the 
transgene, one would expect 50% of their offspring to inherit a copy of the transgene 
locus. This is true for about 70% of transgenic founder mice (49). The remaining 
founders either do not transmit transgenes to their offspring or transmit transgenes 
at a low frequency (52,53). It is commonly thought that the non-Mendelian 
inheritance is the result of transgene mocasicism in germ cells. This could be caused 
by late integration of transgenes during embryonic development (GO It has been 
proposed that non-Mendelian inheritance patterns can also be caused by diminished 
fertilizing ability of transgene bearing sperm (17). The latter explanation may be a 
specia 1 case, because the thymidine kinase gene used in that study was 5] 
inadvertently expressed in testes. 

Potential solutions for improving efficiency 

Testing Transgenes. 

Because the "rules" for transgene design are still vague, it is important to 
have a reliable system for testing gene constructs. The most cost effective method of 
characterizing the performance of a transgene is cell culture transfection studies. 
Unfortunately, such studies have a low predictive value (50). The next most cost 
effective method for testing gene constructs is production of transgenic mice, which 
as mentioned above do not faithfully predict a transgenes performance in livestock 
species. Nevertheless, a reasonable amount of useful information about transgene 
function can be derived from transgenic mouse studies. Currently, the only 
approach that yields truly informative data is testing transgenes in trhe lrveslods 
species oHnterest. T his is obviously an unsatisfactory; time consuming, expensive 
testing-aption. Ooe alternative approach that We are exploring is based on the fact 
that transgenes will function after being "shot" into somatic tissue We have been 
focusing our efforts on the mammary gland, but almost any target organ should be 
amenable to this approach. We have recently demonstrated that both RNA and 
protein can be detected following introduction of transgenes into sheep mammary 
tissue, in situ (22$ 7). Once we confirm that '"gene-gunned" transgenes function as 
they do in transgenic animals, this approach should dramatically reduce the costs 
and time of evaluating gene constructs 
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From Tabic 1 it is clear thai integration rates are lower lor livestock species 
than for laboratory animals. Egys of livestock species are more difficult to 
microinject than eggs of laboratory animals. However, competent microinieeiors *\an 
reliably inflate pronuclei with DNA-contaimng solutions Furthermore, integration 
problem occurs after the transgene is deposited. But timing of microinjection may 
contribute to differences in integration efficiency. It is thought that transgene 
integration occurs during DNA replication (2), so it would be advantageous to 
microinject before or during early S-phase pieceding the first mitoric division For 
the most part thai is when laboratory animal eggs are microinjected. but 
microinjections are apparently performed during late S-phase or later in livestock 
species (for a full discussion see (63)) Efforts to inject in vitro fertilized bovine 
zygotes early have failed because of difficulties in visualizing pronuclei (K Bondioh. 
personal communication and unpublished data). Efforts to synchronize 
microinjection and S-phase in bovine zygotes have thus far not been fruitful r_U) 

One way u> insure that 'he transgene i in place before the first mitotn S- 
phase is to introduce the transgene at fertilization That could be achieved by 
sperm-mediated gene transfer N.38) Notwithstanding the controversy this 
approach has generated (8), it clearly represents an intriguing method that -how- 
some promise foT). Accumulating evidence suggests that sperm of several -pe«*i»- 
can bind transgenes ( 1 1.32.31MJ8) and carry the genes into oocytes wlun- in -unv 
cases the gene persists (4 .12.31). However it appears that in almost ill ra-«-~. i he 
transgene DNA U-eomes rearranged or utherwise mutated by the prore— . <* orrado 
Spadafora. peixmal communication) Another potential sperm has«'d ■ i«- ! l vi/r> 
approach has been foretold by a pioneering study conducted by Ralph Bnn.-i»*r ~> 
In that study, transplanted -permaOMjomal cells generated -p'>rm .apald" -( 
fertilizing oocvte- and offspring wen- produced. If a means is found t-i - ulrur - 
transfect and select spermatagoma with transgenes. Brinslcr - t ran>pian; ai i.ni 
scheme could be u.-ed to produce transgenic animals. Others have proposed !;p » tly 
transfectmg tester as a means uf tran.-Iorming .-perm to(i». 

Retrovual-mediated gene transfer is also a potentially alternative ;Mjj«ro.jch 
for introducing transgenes into embryos with high efficiency i2M. >t > ) Though the 
technique solves the low integration frequency problem, it creates other 
inefficiencies by generating mosaic founders that may not transmit their iran-^eiu 
Furthermore retroviruses can carry only a limited amount of exogenous DN A and 
therefore the technique limits the size of transgenes. If cDNA based transgenes. 
which are relatively short were efficiently expressed, the transgene size restriction 
would not bra >iL T mfiCiH^pr-oblrMn Hmw<-\ vr. m;in>xDNA based gene consiru- : are 
poorly expressed in transgenic animal- n><i) 
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Selection of transgenic embryos. 

With no obvious or immediate solution for improvmc iniem-mnn (V 
wh.t else can be done to increase efficiency of produc ,ng I en s ^ 
of the most widely discussed approaches ,s selection of transgenic emb" o befo re 
they are transferred to recipients (1.14.35.46). If transgenic preimphnmL 

ea tTn Tern t nt,fi °? y a r na,yZ ' nS C, " brVO bl °^" es PoViT? « ch" n 

example ,n Dr R T!^ ° f ' eci P' ents re ^'~ d could be greatly reduced. For 
r ran T T Bondl0l '« study ((30). Table 1). 1,018 bovine embryos were 

X r s e e e'cUonTaVr ^ " ^ tranSge "' C Ca,VeS and ^ " 

reT^H I, r had been T-s.ble. fewer than 20 recipients would have been 

3 In ^° rtUnate ^ 1 m0Unt,ng eV,denCC Su ^ ests that ^PProach Jdl not 
cul La toTheSee.. 5 '? (,<U4) ™'<^ d ™use embryos we 

by i a " d M b 'f St ° mereS Were IS0lated a " d analyzed for the 

m ! g f." € ^ P k V R In ° Ur stud y < 10 > "»ne of tae 8-cell embryos had transeenes ,n 
SLii b,aSt0meres We s P ecu| a'e that immediately upon micro nTctfon 

eyenSrr" ^ ? m<apy C ' rCU ' ar 0ne * these ar a vs m av 

daljit M become integrated, while the non-integrated arrays se K re K a e as 
so™ h. b ' aSt0meres are forraed - f integration occurs after the one cell a R e 
some blastomeres may not conta.n an array, even though the embrvoTt ansgen.c 
The converse ,s also possible (all blastomeres acquire arrays but none n,e K ra"e) 
Analysis of embryo biopsies could therefore be .msleadmg. " '"tee, ate). 

exnr.« n ° th r r "^V** selectln Z transgenic embryos before transfer ,< based on 

^£7air c LesotZT W,th0Ut „ b<?mg ' ntGerated - embl >™ — « 
s^e G418 in?, r the u trans ^ ne ™uld surv.ve the selection process. However 
since G418 interferes with protein synthesis, the blastomeres that exines-J .h i 
neo ge„, would have a developmental , d ^ e t ^ ^ it efore 

the blastomeres expressing the neo gene might d.v.de more rap.dly and have a 
higher probability of participating- in. the formation of the mneY cell nvr£ tffli) 
Further studies w.ll have to be conducted to determine if this scheme nas me n . ' 

In The Future 

it, T , he . t00l T f ° L r gene tr3nSfer are hand ' albe,t the process ,s inefficient Over 
the next decade, h-oreactor and xenograft .ndustr.es will mature , 
products will b. marke^he value "of possible pr^uc "l d 1V e he o 

EL??"? u 3S,C reSea,Ch fr ° m — tional sources become ,, „ 2 
hm.ted. Researchers will need to develop a bettor understand. Z Tit 
mammalian genes are controlled, and identify key genes ,n re.ula.orv a^hwav 0 f 
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phenotypic characteristics thai are to be altered to bring the fruits of this 
technology to animal agriculture. There is a serious need to transfer transgenic 
animal technology from a few practitioners to many more laboratories worldwide. 
Progress in the field will be limited as long as the capabilities to explore this 
potentially powerful tool is only in the hands of a few To entice other scientists, 
the efficiency of producing transgenic farm animals will have to be improved. But 
the horizon looks bright. Many recently trained animal scientists are now equipped 
with the knowledge and technical skills needed to advance this technology. 



References 



1. Behboodi E, Anderson GB. Horvat S, Medrano JF, Murray JD. Rowe JE. Microinjection of 
bovine embryos with a foreign gene and its detection at the blastocyst stage J Dairy Sci 
1993;76:3392-3399. 

2. Bishop JO, Smith P. Mechanism of chromosomal integration of microinjected DNA. Mol Biol 
Med 1989;6:283-298 

3. Bondioli KR, Wall RJ. Positive selection of transgenic bovine embryos in culture. 
Theriogenology 1996;46.<abstract, this issue) 

4 Brackett BG, Boranska W. Sawicli W, Koprowski H Uptake of hetrolougous genome by 

mammalian spermatozoa and its transfer to ova through fertilization Proc Natl Acad Sci USA 
1971;68:353-357 

5. Brem G. Inheritance and tissue -specific expression of transgenes in rabbits and pigs. Mol 
Reprod Devel 1993;36:242-244 

6 Breslow JL. Transgenic mouse models of Lipoprotein metabolism and atherosclerosis. Proc Natl 
Acad Sci USA 1993.90:8314-8318. 

7 Brinster RL. Avarbock MR. Germhne transmission of donor haplotype following 
spermatogonia! transplantation. Proc Natl Acad Sci USA 1994 91 11303- 1 1307. 

8 Bnnster RL, Sandgren EP, Behnnger RR, Palmiter RD No simple solution for making 
transgenic mice [letter|. Cell 1989;59:239-24 1 

9 Bullock DW, Damak S. Jay NP, Su. H-Y. Barrell. GK Improved wool production from 
transgenic sheep expressing insuhn-Uke growth factor ( driven by a keratin promoter In: 
Miller RH (ed), Biotechnology's role in the genetic improvement of farm animals. BeltsviUe 
Symposium XX.1995;P8 (absttact) 

10. Burdon TG, Wall RJ. Fate of microinjected genes in preimplantation mouse embryos. Mol 
Reprod Dev 1992.33:436-442. 

1 1. Castro FO, Hernandez O, Ubver C. Solano R. Milanes C. AguiJar A. Perez A. d Armas R, 
Herrera C, De la Fuente J. Introduction of foreign DNA into the spermatozoa of farm animals. 
Theriogenology 1991.34:1099- 1 1 10. 

12. Chan PJ, Kalugdan T, Su BC, Whitney EA. Perrott W, Tredway DR, King A. Sperms a 
-noninvasive ggne delivery s;, stem for preimplantation embryos. FertU StenT 1995,63: 1 121- 

1124. 

13. Clements JE, Wall RJ, Narayan O, Hauer D. Schoborg R, Sheffer D. Powell. A.. Carruth LM, 
Zink MC, Rexroad CE. Development of transgenic sheep that express the visna virus envelope 

. ■ gene Virology 1994;200:370-380. 




Theriogenofojm Tbeno9 enoiogy 



14 



15 



16 



17. 



18 

19. 



20. 



21. 



22. 



23. 



24. 



25. 



26. 



27. 



28. 



29 



30. 



31. 



32. 



33. 



Couscns C. Carver AS W.lmui I. Colman A Garner I. O'Neill HT. Use of PCR-bascd methoda] 
for selection of integrated iransccnev so preimplantation embryos Mol Reprod Dev 

1994 39 384-391 m 
Dale TC. Krnacik MJ. Schmidhnu^r C. Vang CL. Bisseli MJ Rosen JM. High-level express**! 

of the rat whey acidic protein gene is mediated by elements in the promoter and 3 M 

untranslated region. Mol Cell Biol i 992. 1 2:905 9 14. 

Ebert KM. Schmdler JES Transgenic farm animals: Progress report Thenogenology 
1993;39:121-135 

Ellison AR. WaUace H. Al-Shawi R, Bishop JO. Different transmission rates of herpesvirus 
thymidine kinase reporter transgenes from founder male parents and male parents of 
subsequent generations. Mol Reprod Devei 1995,41:425-434 

Fabry ME. Transgenic animal models of sickle cell disease. Experientia 1993.49^36 
Fodor WL, Williams BL. Matis LA. Madri JA. Rollins SA. Knight JW. Velander W. Squinto SPj 
Expression of a functional human complement inhibitor in a transgenic pig as a model for the 
prevention of xenogeneic hyperacute organ rejection. Proc Natl *cad So USA 1994;91 IU5J- 

Fran 7 cohni M, Lavitrano M. Lamia CL, French D. Frati L, CoteLL F, Spadafora C. Evidence for] 
nuclear internalization of exogenous DNA into mammalian sperm cells. Mol Keprod Devei 
1993;34:133-139. „ w ... _ c cw 

Fukuchi K-I, Ogburn CE. Smith AC. Kunkel DD. Furlong CE. Heeb SS. Nochhn D. Sum, RM 
Martin GM. Transgenic animal models for Alzheimer's disease Ann NY Acad Sci 
1993;695:2 17.^23. m . f , 

Furth PA. Kerr DE, Wall RJ Gene transfer by jet injection into diff rentiated tissues of imng 
animals and in organ culture. Molecular Biotechology 1995; in press 

Furth PA St Onge L. Boger H. Gruss P. Gossen M. Kistner A. Bujard H. Henmghausen L. 
Temporal control of gene expression in transgenic mice by a tetracycline- responsive promoter. 
Proc Natl Acad Sci USA 1994;91:9302-9306 

Gagne M. Pothier F, Sirard M-A Effect of microinjection time during postfertilization b phase 
on bovine embrvonic development Mol Reprod Dev 1995;4 1: 184 194 
Gordon JW, Scangos GA. Plotkin DJ. Barbosa JA. Ruddle FH Genet ic ™^ aU ^ 
mouse embrvos bv microinjection of purified DNA. Proc Natl Acad Sci USA 1980:77 7380- , 384. 
Gossen M. Freundlieb S. Bender G. Muller G. Hillen W. Bujard H Transcriptional activation 
by tetracyclines in mammalian cells. Science 1995;268:1766-1769. 

Grosveld F. van A, Greaves DR. Kollias. Position-independent, high-level expression of the 
hurrfan beta-globin gene in transgenic mice. Cell 198^51:975-985 

Hammer Pursel VG, Rexroad C. WaU RJ, Bolt DJ, Ebert KM. Palmiter RD. Brinster ^RL. 
Production of transgenic rabbits, sheep and pigs by microinjection Nature 1985,315:680-683 

Haskell RS. Bowen RA Efficient production of transgenic cattle by retroviral infection of early 
embryos. Mol iveprod Dev 1995;40:386-390. 

Hill KG Curry J. DeMayo FJ. Jones-Ddler K. Slapak JR. Bondioli KR. Production of 
transgenic cattle by pror. -clear injection, Thenogenology 1992;37:222 (abstract) _ 
Hochi S. Minomiya T. Mizuno A, Homma M. Yuen* A. Fate of exogenous DNA carried into 
mouse e*gs b* spermatozoa. Animal Biotechnology 1990; 1:25-30 

HoranR Powell R. McQuaid S. Gannon F. Hc-ghton JA. The association of foreign Din A with 
porcine spermatozoa. Arch Androl 1991;26:89-92 

Huang MTF. Gene targeting technology for creating transgenic models of lymphopoiesis Lab 
Anim Sci 1993:43:156- 159 



34 



u ub er MC. Bosch FX. S.ppel A 
^nciransccmc mice arc correl 
^.cAadsl^inOI^II!)- 
. uvttinenJ -M. Pcura T. Tolvan 
3 * Myohanen S. Janne J General 
^ed embryos produced m vitr 
c laemsch R Germ line integral 

„ Kerr DE. Furth PA. Powell AN 
ovine mammary gland and in 1 
1995; m press: 
V UvitranoM.CamaioniiVFaz 
* for introducing foreign DNA in 
Uvitrano M.French D. Zani f 
nMA^Wl sperm cells. Mol Rep 
U ?¥austman D Use of done 
is0 grafts. aUografts, and xenog 
u D. Pursel V. Linton PJ. Sai 
Expression of mouse IgA by tr; 

:urry KR, Kooyman DU D 
expression of human complcm . 
complement deposition during 
McKnight RA. Shamay A. Sar 
can impart position-independc 

Natl Acad Sci USA 1*2*9:69 
MehuUM, MunschyM. Ali-H 
V nvo evaluation of anti-human 
Retroviruses 1992;8:1959-190 
V nomivaT. Hirabayashi M. 
regions on human growth hor 
Nmom.va T. Hoshi S. Mixunc 
embryos carrying exogenous 
248 

Palmiter RD. Brinster RL < • 

Palmiter RD. Brinster RL. H 
develop from eggs microinjcc 
1982;300:611-615. 
Palmiter RD. Wilkie TM. Ch 
unusual transgenic mouse p< 
PetitckrcD. AttalJ-Jheron 

Puissant C, Houdebine in- 
efficiency of expression vectc 
trans, nic mice. .TBiotechnc 
Pinkert CA. Stice SL. Embr 
Monastersky GM. Robl JM J 
Washington. D C 1995; pp - 



39 
40 



41 



41. 



43 



44 



45 



46 



48. 



49. 



50. 



51 



ThenogenologyW jhenogenology 



67 



ill GT. Use of PCR-based methods I 
ibryos. Moi Reprod Dev 

J. Rosen JM. High level expression] 
in the promoter and 3' 

>ss report. Thenogenology 

nsmiasion rates of herpesvirus 
ents and male parents of 

Ixperientia 1993,49:28-36. , 
ight JW, Velander W. Squinto SP.j 
ransgenic pig as a model for the 
:!AcM SciUSA 1994;9l:11153- 

eUi F, Spadafora C. Evidence for « 
erm ceUa. Mol Reprod Devel 

Deeb SS, Nochlin D, Sumi SM, 
Ann NY Acad Sci 



o differei tiated tissues of living 
press: 

Bujard H, Hennighausen L. 
racycline- responsive promoter 

iuring postfertihzation S phase 
M94 

jenetic transformation of 
ad Sci USA 1980;77:7380-7384 
H. Transcriptional activation 
9. 

high-level expression of the 

5. 

A, Palmiter RD, Bnnster RL. 
>n. Nature 1985;315:680-683. 
by retroviral infection of early 

oli KR. Production of 

1222 (abstract) 

ogenous DNA carried into 

sociation of foreign DNA with 

nodeis of lymphopoiesis. Lab 



Hubcr MC. Bosch FX. Sippel AE. Boivfer C Chromosom.il position effects in chicken lysozyme 
g C no iranscenic mice arc correlated with suprcssion of DNase I h\ p«-rscn>i' vc sue formation 
Nucleic Acids Res 1994;22 4 195-4201 

Hvttinen JM, Pcura T. Tolvanen M. A.tlto J. AJhoncn L.' Sincrv iria li Halmekyto M. 
Myohanen S. Janne J. Generation of i ransgenic dairy cattle from transm ne-analyzed and 
sexed embryos produced in uitro. Bio/icchnology 1994;12:606-608 

Jaenisch R. Germ line integration and mendelian transmission of the exogenous Moloney 
leukemia virus Proc Natl Acad Sci USA 1976.73 1260- 1264. 

Kerr DE. Furth PA, Powell AM, Wall RJ. Expression of gene-gun injected plasmid DNA in the 
ovine mammary gland and in lymph nodes draining the injection site Animal Biotechnology 
1995; m press: 

Lavitrano M. Camaioni A, Fazio VM. Dolci S, Farace MG. Spadafora. C Sperm cells as vectors 
for introducing foreign DNA into eggs: genetic transformation of mice Tell 1989;57:717-723 
Lavitrano M. French D, Zani M. Frati L. Spadafora C. The interaction between exog ell^ 
DNA and sperm cells. Mol Reprod Devel 1992;31:161-169. *r 
U X. Faustman D. Use of donor bz-microglobulin-deficient transgenic mouse liver ceils for 
isografts, allografts, and xenografts. Transplantation 1993;55:940-946 

Lo D. Pursel V, Linton PJ. Sandgren E. Behnnger R, Rexroad C. PalmiterR.D.. Bnnster RL 
Expression of mouse IgA by transgenic mice, pigs and sheep Eur J Immunol 1991.2 1: 100 1* 
1006 

McCurry KK. Kooyman DL, Diamond LE, Byrne GW, Logan JS. Piatt J L Transgenic 

ssion of human complement regulr.tory proteins in mice results in diminished 
complement deposition during organ xcnoperfusion. Transplantation 1995.59:1177-1182. 
McKnight RA. Shamay A. Sankaran L. Wall RJ. Hennighausen L Matrix attachment regions 
can impart position-independent regulation of a tissue-specific eene in transgenic mice. Proc 
Natl Acad Sci USA 1992;89:6943-6947 

Mehtali M. Munschy M, Ali-Hadji D. Kieny MP A novel transgenic mouse model for the in 
vivo evaluation of anti-human immunodeficiency virus type I druc? AIDS Res Hum 
Retroviruses 1992;8:1959-1965 

Ninomiya T. Hirabayashi M. Sagara J Yuki A Functions of milk protein eene 5' flanking 
regions on human growth hormone gene Mol Reprod Devel 1994.37 276-2S3. 
Ninomiya T. Hoshi S, Mizuno A. Nagao M. Yuki A. Selection of mouse preimplantation 
embryos carrying exogenous DNA by polymerase chain reaction Mol Reprod Devel 1989; 1:242- 
248 

Palmiter RD. Bnnster RL. GermUne transformation of mice Ann Rev of Genetics 1986:20:3- 
60. 

Palmiter RD. Bnnster RL, Hammer RE. Trumbauer ME Dramatic growth of mice that 
develop from eggs microinjected with metallothionein-growth hormone fusion genes. Nature 
1982;300:611-615. 

Palmiter RD. Wilkie TM. Chen HY, Bnnster RL. Transmission distortion and mosaicism in an 
unusual transgenic mouse pedigree. Ced 1984;36:869-877 

Petitclerc D. Attal J, Tne>on MC. Bearzotti M.,Boufraud P. Kann Stinnakre M-G. Pomtu H. 
Puissant C, Houdebine L-M. The effect of various mtrons and transcription terminators on tne 
~~ efficiency of^expression vectors in various cultured cell lines and in the mammary gland of 
transgenic mice. J Biotechnol 1995;40:169-178. 
51. Pinkert CA. Stice SL Embryonic Stem cell strategies: beyond the mouse model. In: 
Monastersky GM. Robl JM (eds). Strategies in trasngenic animal science ASM Press, 
Washington. D C. 1995; pp 73-88. 



3J- 
35 

36 

37. 

38. 
39 
40. 
41 

42 

43. 

44 

45 
46 

47 
48 

49. 
50. 



68 



Jnei.ogenoiogyl 



54 



55. 



56. 



57 



58. 



59 



60. 



61. 



62. 



63. 



64. 



65. 



66. 



67 



68. 



1993:71 SuppL 3:10- 19_ Tucker AW Wallwork J. White DJG Tissue 

e^lXr^ 

possible alternative of sperm-mediated gene transfer. An.m B otechno! J 
ScheUander K. Pel. J. Schmoll F, Brem G. Aftifical insemination in cattle witn 

sperm. Animal Biotechnology 1995^ i 11-50 _ ^.^e,. L . Beatfe C. Hennighausen U 
Shamay A. SoLnas S, Pursel VG, McKnight KA. AJexanae • lactation. J 

Wall RJ. Production of the mouse whey acidic prote.n ,n transgenic p.gs during 

.Arum Sci 1991:69 4552-4562. Huntress V Parsons CT. Pinkert 

Swanson ME. Martin MJ. O DonneU JK, Hoover K. Lag . Huntress U ' 
CA PUder S Logan JS Production of functional human hemoglobin in transgen. 

SStttftSSKS- K. O t .». S. In vitro of «-«-. -~- 

Park SH Transgenic models for the study of prostate cancer. Cancer IW^is W 
mice. Nucleic Acids Res 1994:22:1389-1393 

WaU RJ. Modification of milk composition in transgenic animals In . MUfcr KM (e 
Biotechnology's role in the genetic improvement of farm an.mals. Beltsville b>m P os, 

Waiw 1 Hawk HW, Ne. N. Making transgenic livestock: genetic engineering on a large sea!, 

^'t^rvaHammefRE. Bnnster RL. Development of porcine ^ that were 

SStL H. 3rem G. Genes encoding a mouse monoclonal antibodv arc expressed in 
transgenic mice, rabbits and pigs Gene 1991,98: 185-19 1 Soadafora c The mechanise 

1995;217:57-64 



AMINO ACK 
MOUSE EM 
PRE 

I 

Depar 

5: 



Several nonessent 
^fcghryos in vitro and mcr 
«|$rrogate mothers. Thetx 
of them by embryos via tr< 
of the transport systems ii 
degradation of mRNAs et 
amino acid transport pro 
transgenic experiments fi 
needed for normal pre- v 

I. Introduction and Scope 

Since the advent o' 
years ago [ 1 1, ammo acids ; 
period to clearly beneficu 
amino acid transport syst 
superfluous. We have, • 
mechanisms by which an 

In this review wt 
nonessent. al amino acids 
development. Moreover, 
system activities may rv 
nonessential ammo acids 
beneficial during the pre» 
develop from preimplann 
however, not consider es 
their presence in the medi 
our discussion primarily t 
effects of amino acids c 
There is, however, incor 
regulation of *HeiTe xpres 
most prudent to use the 
amino acids may benefit 



Acknowledgme'nT , ^ s ^ 

Work in the autru 



I 

, i 



Thenogenology 45 69 80. 199- 
C 1996 by Elsevier Science in 
6S5 Avenue of the Amencas. f 




THE USE OF TRANSGENIC ANIMAL TECHNIQUES FOR LIVESTOCK IMPROVEMENT 
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INTRODUCTION 

Breeding of livestock has always been characterized by se- 
lection of spontaneously occurring mutations which could be ob- 



even though the genetic and molecular mechanisms underlying those 
phenotypes were not understood. Depending on the generation in- 
tervals of the species involved, years to centuries were required 
to establish certain breeds in livestock fulfilling the needs of 
man. Still the Ideal farm animals have not been found. As higher 
meat, egg or milk yields are obtained, higher susceptibilities to- 
wards environmental influences such as climate or food changes or 
stress are observed and disease resistance declines, especially 
when animals are kept In large numbers under industrial production 
conditions. Since the first successful gene transfer experiments 
into the germ line of mammals, namely mice, were reported in 1980 
and 1981, many attempts have been made to use gene transfer tech- 
niques in livestock in order to improve the overall quality and 
productivity of farm animals. 

Transgenic mice exhibiting the desired expression of the 
newly introduced gene and therefore showing an altered phenotype 
can now be produced routinely with different gene transfer tech- 
niques. Such mice are used in molecular biology research serving 
as genetically transformed, in vivo , models elucidating different 
kinds of scientific problems. In contrast, only little progress 
has been made in recent years in producing transgenic mammals of 
other species. The major drawbacks are inadequate regulation of 
expression of the foreign genes and therefore the desired pheno- 
typtcal improvement has not been obtained so far. 

In this chapter we will describe briefly the basic techniques 
involved and summarize the results which have been obtained until 
now, in respect to the production of transgenic mice and livestock 
in particular. The difficulties encountered in the application of 
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gene transfer techniques, which have been successfully used in 
mice, to farm animals, are discussed and their future implications 
for animal breeding are outlined* 



PRODUCTION OF TRANSGENIC MICE 

The term "transgenic" was introduced originally by Gordon and 
Ruddle (1) for mice which had integrated a foreign gene into all 
somatic tissues examined. This had been achieved by injecting 
these genes into the pronuclei of fertilized mouse ova. Since it 
became evident later (la) that the offspring of these mice can in- 
herit the foreign genes in a Mendelian fashion, the word trans- 
genic is now commonly used to refer to a stable germline integra- 
tion of foreign genes. At present three different approaches have 
been reported which succeed in the establishment of transgenic 
mouse lines. These methods include pronuclear injection of DNA, 
infection of embryonal stages with recombinant v* ral vectors and 
the production of germline chimeras which consist partially of to- 
tipotent, genetically transformed, cell lines. 



Pronuclear Injection 
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Several groups (la-4) established this method of gene trans- 
fer simultaneously showing that by using this technique integra- 
tion of the introduced foreign gene into all somatic and also 
into the germ cells of the developing animal can be achieved. In 
order to achieve optimal results, approximately 1 pi of a DNA su- 
spension containing 200 to 2000 linearized copies of the foreign 
gene Is injected into either pronucleus of fertilized mouse eggs 
(5). After overnight cultivation cleaved eggs (50% to 75%) are 
transferred to the oviducts of foster mothers. Of these 10% to 25% 
usually develop to term and about 15% to 37% of the young bom in- 
herit the injected genes, which leads to an overall efficiency 
rate of 1% to 4% based on the total number of zygotes manipulated. 

Provided the introduced genes are integrated into the genomic 
DNA before the zygote enters cleavage, all embryonal cells will 
contain the same integration site and copy number of the foreign 
gene. Integration after the first cleavage will give rise to chim- 
eric animals, which consist .of at least two genetically different 
cell populations. According to Wilkie et al. (6) the latter seems 
to be true in at least 30% of the mice born after microinjection 
of DNA. 



c 

fertiliz 



Infection of Embryos by Viral Vectors 



Infection of blastocysts by SV40 (7) was the first evidence 
that foreign genes could be integrated into the genome of embryo- 
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nal cells and lead to their stable integration into somatic 
tissue. Jaenisch (8) also observed that the M-MuLV provirus was 
not only retained by somatic cells after embryonal infection' but 
was also transmitted to the offspring of the resulting mature 
mice. 

Viral infection of the preiraplantat ion embryo is naturally 
prevented by the existence of the zona pellucida. This barrier can 
be overcome by either enzymatic digestion of the zona, so that 
two-cell to morula stages can be infected (9,10) or direct micro- 
injection of virus particles into the blastocoele cavity (7). This 
procedure has been used successfully to introduce proviruses into 
the germline of mice. However, the resulting embryos generally are 
mosaic, as different integration events can take place in a vari- 
able number of embryonal cells (11). 

To transfer foreign genes into the gerraline of mice, recom- 
binant retroviral vectors can be used which contain the gene of 
interest. Since recombinant retroviruses generally are replication 
'-•ompetent, they require the presence of helper virus for propa- 
gation. Stuhlmann et al. (12) have thus infected day-nine mouse 
fetuses with recombinant and helper virus simultaneously and ob- 
served subsequent integration and expression in the resulting 
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Figure 1. Pronuclear injection of DNA. 
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a.) Infection of Early Cleavage Stages 
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b.) Infection of Blastocysts 
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Figure 2. Infection of embryos with viral vectors. 



offspring. However, their results suggested that the superinfec- 
tion with helper virus in these mice had interfered with the 
spread of the recombinant virus and therefore limited the number 
of transformed somatic cells. 

As separation of recombinant and helper virus yet cannot be 
achieved, an alternative propagation method using psi-2 cells (13) 
can be chosen if vireraia from the helper virus is to be avoided 
in the resulting animals. Psi-2 cell lines have incorporated a 
retroviral genome which cannot be packaged into virus particles 
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itself because of a mutation in its psi region, but it delivers 
all the information needed for the propagation of recombinant 
virus with an intact psi region to the cell. Consequently, the 
yield of recombinant virus will be lower in these cell lines, but 
is not accompanied by the production of helper virus. 

Van der Putten et al. (14) and Rubenstein et al, (10) have 
infected pre-implantation mouse embryos with recombinant replica- 
tion-incompetent retrovirus without the use of helper virus, 197 
denuded 8-cell stages cultivated over psi-2 monolayers for 16 
hours and subsequently transferred to foster mothers gave rise to 
one animal which had incorporated the recombinant provirus includ- 
ing the foreign gene and transmitted it to its offspring (14). 
Rubenstein et al . (10) co-cultivated 278 4-cell-stage mouse embry- 
os over psi-2 cells and obtained 76 (30%) live fetuses after 
transfer, of which one contained the recombinant provirus. 



Production of Germline Chimeras 

Chimeras can be produced either by aggregating two embryos or 
by injecting embryonal cells into expanded blastocysts, a proced- 
ure that results in the formation of individuals which consist of 

f~ urv, o mr\ na rro r*a, t_J ^ ■-. 1 1 A ^ *-rx r> _ ~ ~ ( \ _p _\ i n — ^ _ ^ .•. , — ^ 
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embryonal cell lines, "which can be grown in culture for many gen- 
erations, are genetically transformed before being used for chim- 
era formation, this technique offers another route of producing 
transgenic animals, provided that the transformed cells will par- 
ticipate in the formation of germ cells. 

The first embryonal cell line used for this purpose consisted 
of murine embryonal teratocarcinoma (EC-) cells (16). However, 
these cells appeared to have the disadvantage of showing a tend- 
ency to lose their euploidy during in vitro cultivation and 
therefore lose their totipotency, especially to contribute to the 
germline. Also the development of abnormal fetuses was observed in 
EC-cell derived chimeras (17). More stable results can be obtained 
with embryonal stem ES-cells (18), which can be isolated from in 
vitro attached mouse blastocysts and grown in culture for many 
passages. Afte- microinjection of ES-cells into expanded mouse 
blastocysts, Bradley et al. (19) obtained an average birth rate 
of 70%; about 50% of the young born proved to be chimeric, of 
which 20% also showed germline chimerism. Stewart et al . (20) ag- 
gregated 8-cell-stage mouse embryos with ES-cells and received 
birth rates of 36%, 20% of the pups being chimeric. The successful 
use of genetically transformed ES-cells (20,21) led to the expres- 
sion of the transferred genes within somatic tissues of the 
chimeric animals. Robertson et al. (21) injected 10 to 12 ES- 
cells, which had been repeatedly exposed to psi-2 cells for trans- 
fection, and selected for transformation, into expanded mouse 
blastocysts. Out of 21 mice born after transfer 20 proved to be 
chimeric, of which two were reported to have t ransgenic o f f s pr ing . 
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Figure 3. Production of chimeras with transformed totipotent 
cells. 
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According to Evans (22) 20% to 30% germline chimerism can be 
achieved by this method. 

A very critical step in this approach of producing transgenic 
animals is the successful transformation of the ES-cells. There 
are several methods of introducing foreign genes into the genomes 
of these cells with variable degrees of efficiency and technical 
equipment and skill required. The calcium-phosphate-precipitation 
method, which is comparatively simple, yields only very few trans- 
forraants (frequency 1CT 6 to 1CT 7 ), but can be used if large num- 
bers of totipotent cells are available (23,24,24a). 

One alternative method of transforming EC- or ES-cells more 
efficiently is the use of recombinant retroviruses (20,21,25). 
Rubenstein et al. (25) infected EC-cells with psi-2 cell propagat- 
ed recombinant retrovirus and demonstrated that 1 of 250 EC-cells 
had incorporated the retrovirus without any further multiplication 
of the virus in these cells. The efficiency of this retrovirus- 
mediated transformation T^thod can be further increased depending 
on the infectivity and the titer of the recombinant virus as well 
as on the time of exposure (21). 

If retroviral infection cannot be established for some 
reason, microinjection of DNA into the nuclei of ^Cj.p^oJ^ejit == erafeg.y^ 
j^njl^c^l^^ 

^gOTe^TTaWfFr l^fth a frequency of 10~^ to 1 (24). 



Genomic Integration of Foreign DNA in Transgenic Mice 

The integration of foreign DNA introduced physically into the 
mammalian genome is up to now not clearly understood and appears 
to be an entirely random process. Experiments with mammalian cell 
lines have shown that after DNA transf ect ions (calcium phosphate 
precipitates), transgenomes can be found within the nucleus, i.e., 
high molecular weight structures containing DNA, which are not as- 
sociated with chromosomes (26). The stability of the genetic 
transformation process depends on its subsequent chromosomal in- 
tegration during the following cell cycles (27). A number of ob- 
servations (23,28-31) have shown clearly that foreign DNA, once 
within the nucleus, undergoes rather complex biochemical process- 
ing including ligation and recombination reactions. The importance 
of nuclear enzymes for the integration of foreign DNA into the 
genome has also been indicated by the experiments of Giulotto and 
Israel (32), who found that the transformation efficiency in 
synchronized mammalian cells was significantly higher when the ex~ 
periments were performed during the early S-phase of the cell 
cycle . 

In DNA-mediated gene transfer experiments with somatic mam- 
malian cells, as well as after microinjection of foreign DNA into 
nuclei or pronuclei, the same integration pattern can be found. 
This pattern consists of only a single, rarely, two (33,34), inte- 
gration sites per cell and the integration of one to 400 copies 
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a head-to-tail 



(35) per site in a concatamer structure, i.e, 
arrangement of the foreign gene copies. 

Smithies et al. (36) have shown that homologous recombination 
can be used to target the integration site of foreign genes into 
endogenous gene loci of somatic mammalian cells. Until now homo- 
logous recombination of foreign DNA with endogenous genes has not 
been reported in transgenic mice. It may well be that this is due 
to the very low frequency of such events (10-9 j n somatic cells), 
which makes it rather improbable to occur in only a few thousand 
microinjection experiments. 

Usually intact gene copies are found to be integrated into 
the genomes of transgenic mice showing the expected restriction 
patterns in a Southern blot (1). It has been reported (1,3,37-44) 
that occasionally partially deleted or recombined foreign genes 
were integrated into some transgenic mice. Moreover, in establish- 
ed transgenic mouse lines instability of the transgenes is some- 
times observed. This Is expressed either in a reduction of the 
number of integrated exogenous gene copies (45) which Gordon (35) 
explains by their possible recombination and subsequent excision 
from the chromosomal structure, or in a change of their restric- 
tion patterns (47,48). The latter can be found within different 
generations (40,48) or even in ontogenetic development (47), indi- 
cating that structural alterations of the integrated foreign genes 

Recent reports (44,49) suggest that alterations of the for- 
eign genes introduced into the genomes are generated by extensive 
rearrangements of endogenous sequences flanking the integration 
sites. Tarantul et al. (44) hypothesized that repeated endogenous 
sequences, which are often associated with genome rearrangements, 
may be involved in the integration process of foreign DNA. 

The biological gene delivery system by retroviral vectors 
differs from the physical procedures, since the virus itself in- 
duces mechanisms which lead to the integration of a biologically 
functioning provirus. It is important to emphasize that therefore 
this system also has its limitations, as these biological mecha- 
nisms regulating the expression of proviral genes may well inter- 
fere with the expression of the enclosed foreign gene and its 
regulation. This will be discussed later. 

Foreign genes enclosed within a retroviral vector integrate 
as a single copy per integration site (8,9). Depending on the in- 
fectivity and the titer of the virus, multiple integration sites 
(up to 26) per cell can be obtained in ES-cells and, therefore, in 
transgenic mice (21). Although the instability of recombinant re- 
troviral genomes in somatic and ES-cells (20) and also partial in- 
stability of M-MuLV in two provirus containing mouse strains (11) 
have been reported, no such evidence has been found so far within 
transgenic mice established by the use of replication deficient 
recombinant retroviral vectors. However, the comparatively small 
number of mice obtained so far by this method does not exclude the 
possibility of such events to occur. 
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Expression of Foreign Genes and its Regulation in Transgenic Mice 

Expression of foreign genes after pronuclear injection was 
first detected by E.F. Wagner et al. (3) in fetuses and (2) in 
living mice and their offspring by T.E. Wagner et al. (la). 
Although several transgenic fetuses or living young were analyzed 
by these authors, only a few showed detectable expression of the 
foreign gene. Lack of expression was then explained by gene 
integration into inappropriate genomic sites, a theory that was 
supported by Palmiter, Chen and Brinster (54) and Lacy et al. 
(51), who observed that varying expression of foreign genes in 
transgenic mouse lines was accompanied by different raethylation 
patterns (54) or abnormal chromosomal positions of these genes 
(51). Furthermore, it was pointed out that the amount of foreign 
mRNA produced in expressing transgenic mouse lines was not 
correlated with the copy number of the integrated gene (52), an 
observation which also indicated a possible role of the 
integration site in expression of transgenes. Recently, variance 
in expression was also discussed as a relative instability of mRNA 
molecules transcribed from the foreign gene construct (53). 

Additionally, other factors have become known to be involved 



foreign genes. The expression rate was drastically reduced when 
foreign genes had been integrated together with plasmid vector de- 
rived sequences (5,37,40), suggesting an inhibitory effect of pro- 
karyotic sequences on foreign gene expression in transgenic mice. 

The work of Palmiter and colleagues (52,54,55) haj shown 
clearly that the expression of exogenous structural genes can be 
stimulated when these are fused to certain cis-acting factors, as 
exemplified by the mouse me t allothionein (Mt-I) promoter. Rat or 
human growth hormone genes fused to this promoter were expressed 
ectopically in a variety of tissues under the regulation of the 
Mt-I promotor, which led to a striking increase in hormone produc- 
tion and growth rate of the transgenic mice. Moreover, Swanson et 
al. (56) have found in their experiments that expression of a 
Mt-I-rGH fusion gene in separate transgenic mouse lines was unaf- 
fected by the integration site, suggesting that certain gene con- 
structs, which include appropriate cis-acting factors, can over- 
ride other inhibitory environmental effects, thus decreasing the 
importance of the integration site to a certain extent. 

Since then, transgenic research has mainly focused on the de- 
velopment of fusion genes which contain the information necessary 
for tissue specific and development ally regulated expression pat- 
terns. Although eukaryotic gene regulation, especially in mammals, 
remains unclear in many respects, in particular when the involve- 
ment of cell specific trans-acting factors is considered, some 
cis-acting elements have been found to provide tissue specific ex- 
pression in transgenic mice when fused to structural genes. Some 
examples in which gene expression was development al ly regulated 
and strictly directed into promoter specific tissues are listed in 
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Table 1 

Promoter Specific Expression of Foreign Genes in Transgenic Mice 



Promoter 



Structural gene 



elastase 1 
(rat) 

elastase I 
(rat) 

myosin-L-chain 
(rat) 

beta-globin 
(human) 

beta-globin 
(mouse ) 



elastase I 
(rat) 

growth hormone 
(human) 

myosin-L-chain 
(rat) 

beta-globin 
(human) 

be ta-globin 
(human ) 



(rat) 



alpha-A-crystallin 
(mouse) 

alpha-I-collagen 
(mouse) 

insulin 
( human ) 



CAT 

( prokaryot ic) 
CAT 

( prokaryot ic) 

insulin 
(human) 



skeletal muscle actin eps i lon-globin 



(rat) 

whey acidic protein 
(mouse) 

delta-crystallin 
( chicken) 

a lpha-I-anti trypsin 
(human) 

pancreatic amylase 
(mouse ) 



(human) 

Ha-ras oncogene 
(human) 

de lta-crystallin 
( chi cken) 

alpha-I-ant it rypsin , 
( human ) 

pancreatic amylase 
(mouse ) 



Reference 



57 



58 



39 



59 



. 60 



62 



43 



63 
64 



53 



65 



66 



67 
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Table 1. 

In some cases the inducibility of expression of foreign genes 
in transgenic mice was reported, as for Mt-I fusion genes by heavy 
metals (52,54,55), a mouse MHC-II-antigen by interferon (68), the 
chicken transferrin gene by estrogens (69), the human insulin' gene 
by glucose (64), the mouse pancreatic amylase gene by insulin (67) 
and whey acidic protein (WAP)-promoter fusion genes by lactogenic 
hormones (53). These results demonstrate that certain genes or 
gene constructs contain sufficient cis-acting information so that, 
after integration into the mouse genome, tissue specific and hor- 
monal controlled expression can be obtained. However, other inves- 
tigators (33,56,70,71) have shown that expression patterns of Mt-I 
promoter fusion genes in transgenic mice were not exclusively de- 
pendent on the promoter sequence itself, but that depending on the 
particular gene construct used, different expression patterns were 
ound, suggesting internal cis-acting regions within the different 
fusion genes . 

Expression of foreign genes can be regulated in order to com- 
pensate, to some extent, for certain endogenous insufficiencies in 
transgenic mice (41,72-74). These results indicate the possible 
|D^i_cat.lon of trene Um^S^^ S^ M^S^^^^^n^a^^s-^- 
- -Wnreti rttdlnniflffE r • re^rWrraT ve c to rs are v " used , ' exoression ilT 
complicated by mechanisms which regulate the expression of the 
provirus. Jaenisch et al. (9) have found the expression of retro- 
viral genomes to be blocked when infection had occurred during 
pre-implantation mouse development, a phenomenon which also was 
observed in EC-cells (75). In some mouse substrains containing the 
M-MuLV provirus in their germline, activation of the viral genome 
can occur during embryogenes is , whereas in others it is not acti- 
vated at all or at different times (11). The authors explained 
this finding by proviral integration into different genomic sites 
in each substrain. Later the expression block In embryonic cells 
was found to be correlated with de-novo raethylation of the pro- 
virus after integration (75-77), but it has been doubted that this 
is the cause of the expression block Nit rather its consequence 
( 78 ) . 

Linney et al. (79) and Gorman et al . (80) presented evidence 
that retroviral expression in EC-cells is impaired because of in- 
appropriate functioning of cis-acting sequences within the M-MuLV 
LTR. The existence of trans-acting factors in embryonal cells 
which interact with these sequences has been postulated (80,81). 
When foreign genes introduced into recombinant retroviral vectors 
are transferred to mouse embryos or EC/ES-cells, the described 
expression block can be overcome when strong internal promoters 
are placed in the vector construct ( 10,20,25) or the LTR is 
partially deleted and replaced by other enhancers (14). 
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USE OF TRANSGENIC MICE IN BIOLOGICAL RESEARCH 



Transgenic mice offer the unique possibility to study the 
developmental control of expression of introduced gene copies. 
The transferred and monitored genes can either be naturally occur- 
ring sequences or recombinant gene constructs. Since expression 
studies in vitro with eukaryotic cell lines are only of limited 
value in explaining the natural mechanisms involved in gene ex- 
pression, many questions can only be answered after gene transfer 
into intact developing organisms. For example, transgenic mice 
have been successfully used to approach different problems in 
oncology. The c-myc oncogene was shown to be carcinogenic in mice 
when fused to a viral promoter (82,83) or immunoglobulin enhancers 
(84,85), Quaife et al. (86) induced pancreatic neoplasia in trans- 
genic mice by fusion of the activated c-ras oncogene to regulatory 
elements of the rat elastase-I gene, whereas the c-myc gene was 
not capable of r ^ans f or*-* pancreatic cells under these condi- 
tions, demonstrating the tumorigenic ability of the activated 
cellular oncogene. Palmiter et al. (86a) found that a single 
viral protein, namely the T antigen of SV40, was able to transform 
choriod plexus epithelia into malignant tumor cells. Sinn ez. al. 
(34) presented evidence for the synergistic tumorigenic action of 

from different lines each containing one of these oncogenes fused 
to a MMTV-promoter were mated and their offspring analyzed. 

Since it was shown that subunits of immunoglobulin genes can 
be introduced into transgenic mice (87) and their subsequent ex- 
pression in B-cells was observed (88), several authors (42,89-95) 
have concentrated on transgenic mice, investigating the matura- 
tion of B-lymphocytes as a rearrangement process of immunoglobulin 
genes. Their observations lead to the confirmation and specifica- 
tion of the "allelic exclusion" theory (89). 

Genes coding for a variety of different, cell surface antigents 
have been introduced into transgenic mice and their functional ex- 
pression reported (68,96-100), resulting in a latter understanding 
of the function of these antigens. Other investigators (101-103) 
have used transgenic mice to investigate the mechanisms of hepati- 
tis B virus surface antigen expression, uncovering interesting as- 
pects of the pathogenesis of hepatitis B. Small and collaborators 
(104,105) established transgenic mice containing early regions of 
human papova viruses which resembled the pathological findings in 
humans and thus provide suitable animal models for the study of 
these diseases. 

Work with transgenic mice containing different forms of beta 
globin genes (106,107) has revealed interesting information on the 
developmental regulation of beta globin synthesis. Recently, the 
use of transgenes as an autosomal DNA marker has served to eluci- 
date the meaning and the mechanism of parental imprinting in 
t ransgenlc mice (108,109). 

Insertional mutagenesis during gene integration can also be 
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used to establish certain transgenic mouse lines which contain 
specified recessive mutations as shown for a mutation in the 
alpha-l(I) collagen locus (110), A dominant mutation in transgenic 
mice has been established by introduction of a mutated DHFR gene 
into the germline (46). Other DHFR deficient transgenic mouse 
lines were established with the use of retroviral insertions into 
the DHRF locus of EK-cells (111,112). After random insertional 
mutagenesis these cells were selected in HAT medium and gave rise 
to transgenic animals via the chimeric route. Thus induced muta- 
genesis by insertion of exogenous DNA into certain gene loci of 
interest can be used to establish animal models for certain ge- 
netic diseases in man. 



ATTEMPTS TO PRODUCE TRANSGENIC LIVESTOCK 

Up to the present th ? production of transgenic rabbit; (113- 
116), sheep (114,117), pigs (113,114) and chicken (118) has been 
reported. Attempts to produce transgenic goats (119) and cattle 
(120-122) have not so far been successful. 

The main purpose of these experiments was the introduction of 
growth h ormon e genes fus e d t o the Mt- 1 promote r i nto the germ - 

"l±lie Of " Li"ve- l U<_ » Ltl ULUCL LU LllLtcdOC lI'.C g l C w C L i L'aLc lllC .IV. 1 

mals (113-115,117,119,122). Viral TK genes or simian alpha- 
interferon genes have been injected into cattle embryos, the lat- 
ter procedure aiming at the amplification of interferon produc- 
tion and therefore increased disease resistance in the animals 
(120,121). A fusion gene consisting of the rabbit uteroglobin pro- 
moter and the marker gene CAT was introduced into the rabbit ge- 
nome in order to study the uteroglobin-specif ic expression mecha- 
nisms in more detail (116). In all the mammalian species pronu- 
clear or nuclear (two-cell stage embryos) Injection was per- 
formed. In chicken infection of recombinant and helper virus was 
achieved by injection of virus Into the yolk of fertile eggs. To 
facilitate pronuclear or nuclear injections in pigs and cattle ova 
had to be centrifuged prior to microinjection in order to remove 
the ocplasraic ^ranula which otherwise interfere with the micro- 
scopic visualization of the nucleus (114,120). Fluorescent stain- 
ing of pronuclei as an alternative (123) has not been found to 
give satisfying results (114). 

Birth rates after micromanipulation and transfer of rabbit ova 
to foster mothers are consistently 9.5% to 12% (113-116). Integra- 
tion rates varied in this species between 5.5% (113), 12.8% (114), 
24% (115) and 41% (116). The latter results were explained by gene 
injection during the DNA replication phase of the pronuclei; how- 
ever, these were associated with a high mutation frequency of the 
transferred gene so that at least 60% of the transgenic rabbits 
had integrated structurally altered genes as shown by Southern- 
blot hybridization. Although several transgenic breeding lines of 
rabbits containing Mt-hGH fusion genes have been established, none 
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of these is consistently expressing the foreign gene or showing 
increased growth rates (124). 

The production of one single transgenic lamb after manipula- 
tion of 1032 (114) and 436 (117) sheep ova, respectively, has been 
reported. One lamb had integrated a structurally altered gene 
(114) and neither one showed any expression of the foreign gene. 
Recently, the birth of 2 Mt-I-bCH transgenic and 9 Mt-I-hGHRF 
. transgenic lambs has been reported (124). One of these expressed 
the bovine growth hormone gene and two expressed the gene for the 
human GH-releasing factor, but none of them showed increased 
growth. 

Transgenic pigs have been produced with the use of growth hor- 
mone genes fused to the Mt-I promoter (113,114). Birth rates 
varied between 5.5% (113) and 9% (114). Brem et al. (113) reported 
1 piglet out of 15 born to be transgenic, whereas Hammer et al. 
(114) obtained 20 transgenic piglets with an integration rate of 
10.4%. Six transgenic pig lines have been established containing 
Mt-I-hGH fusion genes of which only one is expressing the foreign 
gene (124). These pigs show detectable amounts of hGH (human 
growth hormone) in their serum but do not grow significantly larg- 
er than controls. However, the average backfat of these pigs is 
less as compared to controls at a body weight of 90 kg indicating 
some effect of the exogenous GH on body composition (124). 

injected with Mt-I-rGH (rat growth hormone) genes to 27 recipi- 
ents. Of these 20 returned to heat and two aborted their pregnan- 
cies; the remaining recipients gave birth to 9 young of which 5 
were stillborn. None of the remaining 4 kids which were analyzed 
proved to be transgenic. 

Gene transfer experiments on cattle ova were first described 
by Lohse et al . (120) who injected about 1000 copies of the plas- 
mid pMK containing the HSV-TK gene into pronuclei of centrifuged 
cattle oocytes. After in vitro culture for 24 hr about 30% of the 
manipulated embryos showed expression of the HSV-TK gene. 
Loskutoff et al. (121) injected HSV-TK or simian alpha-inte rf eron 
genes into pronuclei or nuclei of bovine one-or two-cell stage 
embryos. After transfer of 81 manipulated embryos to 24 recipients 
3 pregnancies were diagnosed. McEvoy et al. (122) cransferred Mt- 
I-rGH genes or a modification of this gene carrying bovine papil- 
loma virus enhancers to bovine one or two-cell stage embryos. Sub- 
sequent transfer of 47 manipulated ova to 17 recipients resulted 
in at least 4 pregnancies. The birth of transgenic calves has not 
yet been reported. 

Transgenic chicken lines were obtained by retroviral infection 
of embryos (118). Out of 37 viremic males tested 9 were mosaic ac- 
cording to the integration of provirus into the germline. The fre- 
quencies of provirus transmission to their offspring varied be- 
tween 1% and 11%. Animals from the F-l generation transmitted the 
gene in a Mendelian fashion to the F-2 generation. These experi- 
ments aimed at the establishment of a suitable gene delivery sys- 
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tern into the germline of chicken and will be continued with 
recombinant retroviral vectors which include foreign functional 
genes (118). 



Factors Limiting the Production of Transgenic Livestock 

In summarizing the results mentioned above, it can be said 
that gene transfer into the germline of livestock is possible but 
the intended phenotypic improvement has not been obtained so far. 
However, results from transgenic mouse work suggest that this also 
will be possible as soon as more information on species-specific 
conditions can be acquired. Thus further experiments with live- 
stock appear to be necessary. Unfortunately, production of trans- 
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genie livestock is facing two major obstacles: first, very high 
costs for farm animal husbandry combined with long generation 
intervals restrict research in this field and second, a relatively 
small amount of scientific knowledge of farm animals is available 
as compared to the mouse as the major laboratory animal. How can 
these obstacles be overcome? 

Successful gene transfer to the germline of farm animals 
requires the collaboration of three major branches of science* 
These branches are animal physiology, molecular biology and 
embryology. The latter provides the techniques for introducing 
foreign genes into the germline of the animals and therefore 
Influences the efficiency rates of gene transfer. Molecular 
biology contributes the genes and monitors the molecular effects 
on the genome. An underestimated aspect In this field of research 
is the necessary participation of animal physiology which provides 
insight into the regulative mechanisms and phenotypic effects of 
functional proteins in different species. In order to analyze the 
current limitations of gene transfer to livestock the different 
steps of these experiments have to be considered (see Figure 4). 
Efficiency can be determined at different levels, each referring 
to the competence of the different scientific branches named 
^ ^QM.-.?= ^tJ^L» CT; ^^e ove ral l efficien cy of the production of 
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second the expression efficiency and third, the efficiency of 
phenotypic improvement can be analyzed. 

Considering the costs of livestock husbandry, it is obvious 
that the efficiencies should be as high as possible. From the data 
shown above it can be concluded that the maximal overall 
efficiency in producing transgenic animals is approximately 4% in 
mice (33,71), 3% in rabbits, (116) U in pigs (114) and 0.2% in 
sheep (117). In order to produce transgenic farm animals for 
research purposes this efficiency has to be increased drastically 
considering the expenses involved but until now hardly any 
attention has been paid to transgenic production efficiencies and 
little is known about the limiting factors. Overall efficiency is 
influenced by two components, the ratio of manipulated oocyte 
development to live young and the integration frequency of the 
foreign gene. Survival rates have been determined at different 
stages of _in_ vitro or In utero development and after birth. In 
vitro cultivation results show that about 10% (la) to 50% (2) of 
the manipulated mouse oocytes are lost at the one-cell stage. As 
these losses are directly due to mechanical alterations of oocyte 
structures, the varying results Indicate the importance of tech- 
nical skill required in these experiments. However, species- 
specific differences in mechanical susceptibility of oocytes 
exist; mouse oocytes, for example, are much more fragile than 
rabbit oocytes (unpublished observations). When pronuclear injec- 
tions are performed in rabbit oocytes about 5% to 10% undergo 
lysis within a period of one hr and 83% cleave to two-cell stages 
(controls 100%) within 24 hr of in vitro cultivation (116). In 
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vitro cultivation experiments over a period of 4 days subsequent 
to gene transfer to mouse ova resulted In a decrease of develop- 
ment to the morula stage of at least 20% (5). In these experiments 
different DNA concentrations were used. It was shown that the in- 
jection of buffer alone did not increase the survival as compared 
to the injection of 5, 53 or 520 gene copies. But when 5,300 gene 
copies were injected a further reduction of the development of 35% 
was noticed. Strojek (116) reported that two-cell stage rabbit 
embryos derived from ova Injected with 2000 to 4000 gene copies 
showed a significant reduction in the in vitro development to 
blastocysts (75%) as compared to controls (89%). Rexroad and Wall 
(125) investigated several factors which can interfere with the 
developmental potential of injected sheep ova. They found that 
after transfer to sheep oviducts, in vivo development of non- 
injected ova to 32-cell stages was impaired by vitro cultiva- 
tion for four hours alone (65% as opposed to 89% in immediately 
transferred ova). Additional microscopic inspection for 30 min 
did not lead to further impairment of the survival, but injection 
of Tris/HCl buffer was detrimental (42% survival). After injec- 
tion of gene suspension only 19% of the ova developed to 32-cell 
stages ir± vivo . These consistent results indicate that the gene 
suspension buffer as well as the foreign genes themselves can 
exhibi t toxic effects on the deveJLoping embryos. Furthermore, 



usually found in a large number of experiments when transgenic 
mice are produced. In contrast, birth rates of 50% to 60% can be 
obtained after transfer of unmanipulated mouse oocytes (unpublish- 
ed observations). Thus It can be concluded that not only technical 
insufficiencies are responsible for these low results after gene 
injection but that they rather reflect a further reduction in the 
developmental potential of the manipulated oocytes. This assump- 
tion is supported by the observation that after gene injection 
Into rabbit oocytes, implantation was low (30% of non-injected) 
and pos t-implantational resorption rates exceptionally high (50%) 
in two independent sets of experiments (116). Additionally, via- 
bility of the animals born appears to be reduced in mice (90,97), 
rabbits (115,116,124) and pigs (124,126). These independent obser- 
vations consistently suggest deleterious effects of pronuclear 
gene injection on the viability of embryos which lead to Impaired 
pre- and pos t-iraplan tational as well as post-natal development 
rates. These effects probably cannot be explained by mechanical 
alterations alone. 

Low integration frequencies also limit the efficiency of 
gene transfer to livestock by pronuclear injection. In mice the 
integration frequency was increased to 37% if higher DNA concen- 
trations were used (5). But this was associated with lower viabil- 
ity of the manipulated embryos, so that the overall efficiency was 
limited to approximately 6% (d-13 fetuses analyzed). It is still 
unknown whether integration frequency of foreign genes Initially 
is higher in pre-implantation embryos and is reduced subsequent to 
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integration by cont ra-selection ; however, at maximum 24% of the 
rabbits born (115) and 10,4% of the born piglets (114) have 
integrated foreign gene copies. Strojek (116) has attempted to 
increase this rate by restricting the time of gene injection to 
the pronuclear DNA replication phase, referring to results of 
Giulotto and Israel (32) who had worked with synchronized somatic 
cells. As a result gene integration was found to be highly in- 
creased (integration rate 4U), but this was accompanied by a high 
frequency of mutation of the integrated foreign gene. These find- 
ings were considered to be related to species-specific activities 
of pronuclear enzymes, as rabbits show much faster pronuclear de- 
velopment than mice, for example, in which similar observations 
have been reported only rarely (see section Genomic Integration of 
Foreign DNA in Transgenic Mice). 

It can be assumed that genetic and species-specific condi- 
tions can cause different limitations of gene integration effi- 
ciency, an assumption that Is supported by the fact that in sheep 
integration frequency is comparatively low (114,117) and also by 
the observation that integration frequency varies considerably be- 
tween different mouse strains (5) and somatic cell lines of dif- 

__0_?.7Jl . TK 0 _v_ 0 Ao-^ „H.K~ 1_J _-f.^~ f ~ ■ 



transfer efficiency into the germline of animals appear to arise 
from deleterious effects of the Injected gene suspension on the 
viability of the manipulated embryos and from low integration fre- 
quencies. As both phenomena are as yet poorly unders tood , consid- 
erable improvement in the efficiency of this gene transfer method 
appears to be rather unlikely in the near future. It would, there- 
fore, be of great advantage if genetically pre-selected totipotent 
cells could be used to produce germline cnimeras which contain the 
desired genetic make-up in their germ cells, including intact and 
stably integrated foreign gene copies. This procedure has been 
shown to be highly efficient in mice (21) and experiments are 
under way in our laboratory to establish this technique in pigs 
and cattle. 

As far as expression of the Integrated foreign genes Is con- 
cerned, it has been shown in mice that a high degree of appro- 
priate expression can be achieved when certain cis-acting elements 
are contained In the foreign gene construct, so that approximately 
90% to 100% of the Mt-I-GH transgenic mice express the foreign 
gene (52,55). In pigs this expression frequency is 50% and in rab- 
bits 25% although the same Mt-I-hGH fusion genes have been trans- 
ferred (114). It should be emphasized that results taken from one 
species such as the mouse can be considered to apply to other 
species only to a limited extent. This appears also to be true for 
results from molecular biology, as cis-acting elements obviously 
are controlled differently by varying trans-acting factors in ge- 
nomes of different species. Therefore, transgenic mouse work alone 
is only of limited value when problems arising in the production 
of transgenic livestock are to be solved, particularly when there 
is a necessity of finding cis-acting factors which are suitable 
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for appropriate gene expression in a given species. 

The production of foreign growth hormone (GH) in transgenic 
rabbits and pigs has not shown any phenotypic effects in terms of 
increased growth rates thus far (124). The reasons for this are 
not understood. Thus, further studies on the developmental regu- 
lation and functional effect of endogenous as well as foreign gene 
products in livestock species are required. It might well be that 
the inefficiency of foreign GH produced continuously in Mt-I-GH 
transgenic pigs is due to refractoriness of corresponding hormone 
receptors on the target cells caused by the unphysiological early 
onset of GH expression during embryonic development. Experiments 
with different promoters which lead to regulated expression only 
after birth are under way in our laboratory and will enable us to 
answer this question. 



Future Impact on Livestock Production 

The many advantages of transgenic livestock production have 
been discussed extensively elsewhere (128,129). These include im- 
provement of productivity as well as the transfer of disease re- 



which has been possible in transgenic mice (96,97) , for example , " 
can possibly cause resistance of transgenic animals towards cer- 
tain species-specific viruses. Herpes virus infections, causing 
diseases such as infectious bovine rhinot rachei tis or pseudorabies 
in pigs are especially challenging as immunization against these 
viruses is highly ineffective under field conditions. Also, over- 
all disease resistance could be increased if stimulation of un- 
specific resistance factors such as interferon, for example, 
could be achieved via gene transfer. 

Current work is mainly concentrating on farm animals 
which have integrated foreign GH fusion genes to increase their 
growth rate and therefore their productivity. In cattle this gene 
could also be used to increase milk production when fused to 
lactation-specific promotors. In this content attention should be 
paid to the fact that highly productive farm animals which nave 
been bred during the last centuries with mainly phenotypical se- 
lection methods are biochemically extremely balanced organisms and 
require more than one gene for high productivity, especially when 
parameters as fertility and longevity are also desired, as for in- 
stance, in dairy cattle. Generally, a negative correlation between 
high productivity parameters and overall health of farm animals 
has been observed, but there are . individual exceptions. 

It should be emphasized that further progress in research of 
the molecular genetics of farm animals will provide the informa- 
tion necessary not only to introduce new genes into the genome 
but also to contra-select for certain genes which interfere with 
heal thy performance . This could even be done rn vitro if toti- 
potent cell lines of livestock were available, thus transferring 
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directed mutation and subsequent selection mainly to jln vi t ro sys- 
tems in order to establish phenotypically healthy and highly pro- 
ductive livestock breeds. 

Since the work in mice has shown that far more is possible 
today in respect to genotype alteration than had been assumed five 
years ago, there is a high probability that the production of ge- 
netically improved livestock by gene transfer and _in vl t ro selec- 
tion will also be feasible* However, a large amount of scientific 
research needs to be done in livestock species requiring the coop- 
eration of embryologis ts , molecular biologists and animal physiol- 
ogists before this can be achieved. 
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